Studies in the chemistry of quadrivalent germanium. by Harrison, John Carrol.
STUDIES IN THE CHEMISTRY OE
QUADRIVALENT GERMANIUM
by
John Carrol Harrison
A Thesis Presented for the Degree of 
Doctor of Philosophy in the 
University of London
The Chemistry Research Laboratories,
Battersea College of Technology,
London, S.W«11« October 1959*
ProQuest Number: 10804696
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804696
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
1.
SUMMARY
Strong base ion-exchange resins have been used to 
investigate the following systems,
1. Saturated solutions of G-eCl. in 1 - 12 N hydro­
chloric, and hydrobromic, acids,
2. Solutions of Sn 01^ in 0 - 12 I hydrochloric acid,
3. G-ermanate solutions of pH 5 - 12 produced by
dissolving G-e02 is suitable concentrations of 
sodium hydroxide,
4. Solutions of pH 2 - 12 containing GeO~ and three
polyhydric alcohols, (mannitol, glycerol and 
ethanediol).
5. Solutions of pH 0 - 12 containing G-eOp and three
hydroxy acids, (lactic, tartaric and mucic).
In system 1, the sharp rise in the solubility of HeO^j 
and more particularly GeCl^, in 6 - 8 M hydrochloric acid has 
been shown to be due to the formation of chloro-germanates 
such as G-e (OH) Cl,- or G-e (OH) Cl^  ^ whereX P*"X X O-X
x = 3 or 4.
In system 2 it has been shown that appreciable 
quantities of SnCl^ exist in solutions of stannic chloride in 
hydrochloric acid, and that the existence of chloro-stannates 
is limited to dilute solutions, of low acidity.
In system 3 it has been shown that the condensation of 
monogermanic acid to heptagermanic acid definitely proceeds
2.
via the intermediate formation of pentagermanate.
In system 4, the existence of 1:1, 2si and 3:1 mannitols 
germanium and glycerols germanium complexes and lsl and 2si 
ethanediols germanium complexes has heen demonstrated; the 
degree of complexing increasing with increasing concentration 
of polyhydroxy compound* and rise in pH, In the mannitol and 
glycerol systems at high concentration and low pH, polynuclear 
species have been shown to occur.
In system 5, lactic acid has been shown to form 3 si,
2si and 1:1 complexes with germanium. With tartaric acid, 
a lsl complex predominates at low concentrations of tartrate, 
giving way to a 3s2 tartrate germanium complex at higher 
concentrations. In solutions containing much germanium, 
the formation of polynuclear species has been observed.
The mucic acids germanium system has features 
resembling those of the lactic acid system at low pH, the 
tartaric acid system at moderate pH, and the mannitol system 
at high pH.
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PART 1
GENERAL INTRODUCTION
Reasons for Undertaking the Present Work
It can be said of germanium that its chemistry preceded 
its discovery by approx. fifteen years. The element was 
discovered by Winkler in 1886 in a Freiberg mineral, 
argyrodite, which contains 5 - 7 $  by weight of Germanium.
Some seventeen years earlier however, Mendeleef, when stating 
his Periodic Law, had drawn attention to a missing element in 
group IV which he named eka-silicon. In 1871 Mendeleef 
(using the Periodic Law as a guide), predicted many properties 
of eka-silicon most of which were verified in the years 
immediately following its discovery. Germanium is a 
comparatively widespread element, but very few workable ores 
exist. Coupled with the absence of any commercial interest 
this led to a more or less complete neglect of its chemistry 
in the sixty years following its discovery. It was possible 
for Johnson (l) as recently as 1952, to state ”Compared with 
the vast amount of information available about the chemistry 
of the more abundant elements, our knowledge of the chemistry 
of germanium is extremely meagre. To date, Chemical Abstracts 
has abstracted less than fifteen hundred articles on germanium”. 
This situation was radically changed in 1948 by the invention 
of the transistor by Bardeen and Brattain at the Bell Telephone
Laboratories (2). Their invention led to an.immediate demand 
for comparatively large quantities of extremely pure germanium 
metal.• A demand which was met by the recovery of germanium 
as a by-product of the smelting of suitable zinc ores in the 
U.S.A. and France. In Belgium, concentrates from African 
copper, zinc and lead mines are employed. England is unique 
in producing its germanium from flue dust derived from certain 
germaniferous coals. (3, 4, 5, 6, 7»)
Since 1948, germanium and and its simple compounds such 
as oxide, chloride etc. have been available in a quantity, and 
at a price, that has made the wider study of its chemistry 
possible. In this revival of interest, the solution 
chemistry of germanium has not been overlooked.
The solution chemistry of germanium is essentially 
the chemistry of germanium containing anions. With a valency 
of four, and an atomic number of 32, germanium cations would 
not be expected to exist in solution, and none have been 
reported. (See Appendix I). Germanium anions exist in a 
numb er of f o rmss-
—  2—1. Simple anions such as HGeO^" or Ge(0H)g
2-2. Condensed isopoly anions such as H^Ge^O-^
CJ
3. Condensed heteropoly anions e.g. Ge (Mo^ Oy)g ~
4. Complexes .with simple inorganic ions e.g. F“,Cl“
5. Complexes with organic acids such as oxalic, tartaric,
citric.
6. Complexes with O~polyhydric phenols e.g. catechol.
7. Complexes with non-electrolytes e.g. polyhydric
alcohols such as glycerol, mannitol etc.
Until recently, the study of such anions has teen largely 
carried out using classical physicochemical methods. These 
include pH titrations, cryoscopic measurements, solubility 
studies, distribution studies involving immiscible solvents 
and Raman Spectra. Most of the above methods have their 
limitations and it is often found that interpretation of the 
results is difficult, different methods sometimes yielding 
incompatible results. It is true to say that prior to the 
introduction of anion exchange resin techniques, no complex 
germanium-anion system had been adequately elucidated. These 
remarks apply particularly to those systems where the complexes 
are of an ephemeral or unstable nature and cannot be character­
ised by the formation of solid salts of unambiguous composition.
Approximately ten years ago, new methods of analysis of 
complex anions became possible with the development of stable 
strong-base resins (8). Everest and Salmon (9) were the 
first to adopt an ion-exchange technique in the study of the 
condensation of the germanate ion in dilute aqueous solution, 
and the success of the method has led to its extension into
other fields. (10, 11.) The objects of the present work
are therefore as followss-
1. To extend the work of Everest and Salmon to higher
concentrations of germanate ion
2. To attempt to elucidate the composition of complex
germanium anions by the use of ion exchange methods, 
in systems containing halogen acid, polyhydric 
alcohols, and hydroxy acids.
Ion Exchangers - An Introduction
Historical
The earliest recorded observation of an ion exchange 
process occurred in 1845 when an English landowner 
(Ho S. Thompson) engaged an analyst (Spence) to investigate 
the loss of ammonia from manure heaps. Spence discovered 
that when ammonium sulphate was allowed to percolate through 
a column of soil, the effluent contained no ammonium salts 
but large amounts of calcium salts. These results were 
reported to the Royal Agricultural Society in 1850 and 
stimulated an agricultural chemist (J. T. Way) to make a 
comprehensive study of the basic processes. (12) Way 
established that the clay fraction of the soil was responsible 
for the exchange of the cations, that the calcium released was 
equivalent to the ammonium added, and that while synthetic 
calcium silicate showed no cation exchange, a dried alumino- 
silicate gel had marked exchange capacity. Way came to the 
essentially correct conclusion that the process involved 
conversion of an insoluble alumino-silicic acid from one salt 
form to another. While much attention was paid to the 
exchange processes of minerals during subsequent years, the 
wide variety of structures involved, coupled with the slowness 
and incompleteness of many of the exchanges, made them
unsuitable as laboratory tools. This situation was not much 
further advanced by the discovery by Gams in 1905 that 
natural and synthetic zeolites could be used to soften water. 
Alumino-silicate exchangers are unstable in acid solution, 
easily peptised by alkali, and have low exchange capacities. 
These deficiencies make them unsuitable for Eiost investiga­
tional and analytical work.
Synthetic Organic Ion Exchange Resins
The first major hreak-through in the production of 
exchange resins with desirable characteristics occurred in 
1935. B. A. Adams and E. L. Holmes, working at the Chemical 
Research Laboratory, Teddington, succeeded in preparing both 
cation and anion exchange resins using the condensation 
reaction between phenols and formaldehyde (13). This 
reaction had been used commercially for many years to produce 
thermosetting resins with a three-dimensional, crosslinked 
structure. By substituting dihydric phenols, phenolsulphonic 
acid, and m-phenylene diamine for part of the original phenol, 
Adams and Holmes prepared resins with OH, SO-^ H or NH^ groups 
attached to the aromatic rings. These resins possessed many 
of the properties desirable in analytical resins. For 
example the sulphonic acid groups possessed exchange 
properties for cations over a full pH range from dilute acid 
to dilute alkali. They still possessed however some major 
disadvantages which limited their usefulness. These included 
an instability to hot water, the presence of several different 
exchanging groups in the same resin (e.g. OH, and SO^H), and 
an instability towards oxidising and reducing agents. In 
addition, it was not found possible (with the existing 
techniques) to produce a strong base resin.
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Modern Organic Exchange Resins
The advent of the modern ion exchange resin can he 
traced to the introduction of high polymer techniques by 
d ’Alelio in 1944-. By polymerising acrylic acid with a 
suitable crosslinking agent such as a dimethacrylate 
d ’Alelio prepared a resin containing free carboxyl groups 
attached to a three-dimensional hydrocarbon structure.
These groups act as weakly acidic cation exchangers.
In the same year, d'Alelio introduced the exchange resin most 
widely used today, that based on crosslinked polystyrene (14). 
A suitable quantity of divinyl benzene is added to styrene 
monomer and the mixture submitted to emulsion polymerisation. 
The product consists of a large number of small beads of 
resin containing long polystyrene chains linked to each other 
at irregular intervals by the divinyl benzene residues. A 
typical structure is shown below:-
CI-M - CII - CH, 
2 !
CH - CH,■2 CII,’2
/N. /\
\/
CH - CH,:2 - CH - CH2 - CH - CH2'
\ y
When the head resin is treated with concentrated sulphuric 
acid, quantitative sulphonation occurs, and one sulphonic 
acid group is attached to each benzene ring.
Resins so produced have many advantages over those 
previously available. Their capacity is high (approx.
4 Meq/g). They are stable to acid, alkali, hot water, 
oxidising and reducing agents. They contain only one 
functional group, and are the standard cation exchanger in 
use today. The strong base equivalent of the sulphonic acid 
resin was introduced by the Rohm and Haas Co. (U.S.A.) in 
1948. Crosslinked polystyrene resin is treated with 
chlormethyl methyl ether in the presence of aluminium 
chloride. A Eriedl-Kraft reaction occurs during which a 
chloro-methyl group is attached to the benzene rings. When 
treated with a tertiary amine, e.g. (CH^)^H, a quaternary 
ammonium chloride group results. ( - CH^Ut (CH^)^ Cl” ).
On treatment with excess of a strong base such as sodium 
hydroxide, the quaternary ammonium hydroxide is formed.
Except for a limited stability to hot water when in the 
hydroxyl form, these strong base resins possess all the 
virtues of the sulphonic acid resins previously described.
The following table gives a summary of the properties of 
currently available commercial resins (15).
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Modern Inorganic Ion Exchange Materials
Whilst the stability of modern organic ion exchange 
resins is adequate for the great majority of academic and 
industrial applications, there are a few fields in which they 
have been found wanting. ■ for many potential uses in the 
atomic energy industry, ion exchangers are required which are 
stable to temperatures of several hundred degrees centigrade 
in the presence of water, and which will withstand a very 
high flux of radiation. Organic resins suffer thermal 
decomposition when exposed to the former, and chain scission, 
hydrolysis of functional groups, and changes in the degree of 
crosslinking, when exposed to the latter. Silicate exchangers 
such as montmorillonite and the zeolites are stable under the 
above conditions, but are of limited value owing to the slow 
rates of exchange and low stability in acid solutions.
It has recently been discovered that certain amphoteric 
oxides such as zirconium oxide, thorium oxide, titanium 
dioxide and tungsten trioxide can possess both cation and 
anion exchange properties (17, 31), and. that the arsenates, 
inolydates, phosphates and tungstates of these metals show 
marked cation exchange (32, 33). Many of these materials 
possess extreme chemical resistance. for example suitably
prepared zirconium phosphate withstands water at 300°C,
-2boiling concentrated nitric acid, and 10 N sulphuric acid 
at 250°C.
The exact structure of these new materials is not yet
completely settled, but the ion exchange capacity of zirconium
phosphate is thought to be due to replaceable hydrogen atoms
on phosphate groups attached to Zr - 0 - Zr chains. The
capacity of zirconium phosphate varies with both the method
of preparation, and the conditions of use. In the most
favourable conditions its capacity may be equal to that' of
a modern organic ion exchange resin.
The amphoteric oxides owe their exchange properties
to the presence of M - OH groups on the surface of the oxide
particles. Ionisation of such a group can proceed in two
+  —ways. By release of a hydroxyl ion, M - OH M + OH
the oxide particles acquire anion exchange properties, this
step being favoured by low pH. Alternatively, release of a
_ +
hydrogen ion M - OH MO + H confers cation exchange 
properties, this process being favoured by high pH. The 
exchange capacity of these oxides is somewhat lower than 
either the zirconium phosphates, or organic exchange resins, 
and is approx. 1 MEQ/g for both anions and cations.
The preparation and properties of both types of
exchanger is still under active study. While they show 
considerable promise of being able to meet the stringent 
requirements of the atomic energy field, it is unlikely that 
they will displace organic exchangers for use under more 
normal conditio ns•
Important Properties of Ion Exchangers
A very large effort has been expended during the past 
ten years in elucidating the behaviour of modern exchange 
resins. Their most important properties are as follows
1. Both for cation and anion resins, exchange proceeds by 
equivalents. Thus the sorption of each gram equivalent 
of an ion is accompanied by the desorption of one gram 
equivalent of the ion originally on the resin. Weakly 
basic resin may not at times be completely converted to 
a given ionic form, and may appear not to obey the above 
criterion. Thus if we consider a resin which has been 
incompletely converted to an ionic form X, it may be 
that on treatment with a solution containing the anionic 
species Y, some of these Y ions will be sorbed in 
exchange for X, but an extra quantity will be sorbed by 
the so far unreacted sites. The net effect will be that 
one equivalent of X will be replaced by more than
one equivalent of Y and the proportion will depend on
the quantity of the previously unaffected sites entering
the reaction. This in turn will depend on the pH of
the eluting solution and the concentration of Y ion in 
it. Even at present, some so called monofunctional 
resins may contain a small proportion of weakly basic
exchange groups (16). This may lead to variation in 
capacity depending on the type of ion sorbed and the 
conditions of sorption. The effect however is small 
and may be neglected in most analytical work. The 
capacity of a given sample of resin for a particular 
ion is usually expressed in gram-equivalent of the ion 
per gram of resin. In practice this capacity is found 
to vary slightly between equal weights of resin due to 
inhomogeneity in the degree of cross-linking and 
moisture retention of individual samples. Once the 
capacity of the sample has been found it is customary 
to calculate the ”equivalent of the resin” and 
subsequently to express any ionic species absorbed in 
terms of gram-atoms per equivalent of resin. This 
procedure is only practicable with strong base resins• 
The effective capacity of a weak base resin is strongly 
dependent upon the pH of the surrounding liquid, and 
only attains a constant figure in solutions of low pH, 
for cationic and strongly basic resins, the exchange 
reaction is reversible and the final state of the system 
is independent of the direction from which the 
equilibrium is approached (17). A considerable 
difference in the time taken to reach equilibrium from
different directions may be observed however, due to the 
different rates of diffusion of the ions.
3. Selectivity
If a solution containing a cation A is left in 
contact with a given quantity of a strong acid resin 
fully converted to the B form, exchange of cations will 
occur until an equilibrium is established,
j ^
A + Resin -B s—  Resin-A + B
The position of the equilibrium will depend on the
+ +relative quantities of A and B in the system and the 
relative affinity of the two ions for the resin. This 
preference by the resin for one of two ions is known as 
the selectivity of the resin. It may be expressed 
quantitatively as a selectivity co-efficient
4  = y ^ L _ L d .  n s in g  t t e  oonve„ t l o n ^
[r - a] [b j
mass action equation. Selectivity co-efficients provide 
an approximate picture of resin exchange reactions.
They remain approximately constant over a moderate change of 
conditions such as the ratio of A/B in the solution, the
molarity of the solution and the nature of the anions. The
Bvalue of is useful in indicating the ease or difficulty 
attending the chromotographic separation of a pair of ions,
or of concentrating one of them from a given solution.
During the period 1945-48 considerable attention was given 
to the origin of the different affinities exhibited by resins 
for different cations. The sequences:-
Iii+ , H+ ,' Wa+ , K+ = IIH+ Kb+ , Cs+ , Ag+ , Tl+ , and
Be++, En++, Mg++ = Zn++, Cu++ = Ki++, Co++, Ca++, 3r++,
t "t *4“
Pb , Ba
resemble the lyotropic series found in other colloid phenomena. 
It is noteworthy that the order of the lyotropic series is by
no means identical in all circumstances °9 neither is the
order of affinities precisely the same on all resins.
The series shows no exact correlation with any simple property 
of the ions such as ionic weight or crystal radius, although 
there is a partial inverse correlation for similar ions with 
the order of their hydrated ionic radii. The best 
correlation however, has been discovered between the order 
of affinities and the activity coefficients of salts of the 
cations in moderately concentrated solution (18-20)0 This 
fact provides a clue to the phenomenon of selectivity in ion 
exchange, the property responsible for selectivity being 
presumably the same that leads salts of the same valency 
type to have different activity coefficients0 At this
point it is relevant to consider the molality of the ions
present in the salt form of a sulphonic acid exchanger in the 
swollen state. for such a resin containing 4 M.E.Q./g of 
dry resin, crosslinked with 10 fo D.V.B., this turns out to be 
approx. 6M. It is obviously of importance that this 
concentration is in the range of molalities within which 
large differences in the activity coefficients of different 
salts occur. These differences are largely due to the fact 
that in concentrated solutions, ions cannot be represented 
as point charges obeying Coulomb’s Law. When ions are in 
contact their interaction depends upon the distance of closest 
approach, reflecting the size and deformability of the ions, 
and there is an important contribution from non-Ooulombic 
forces which, in turn, depend upon polarizability and 
polarising power.
The idea of visualizing the interior of a resin as a 
concentrated electrolyte solution was employed by Bauman and 
Eichhorn in 1947. (20). They proved that a Lonnan type
equilibrium is set up, whereby anions from the aqueous 
phase are largely excluded from the interior of the resin, 
and they further proposed that the exchange equilibrium be 
regarded as a membrane equilibrium between the internal and 
external solutions.
A quite distinct theory was advanced by G-regor (21) in
1951 to account for the ion selectivity of resins. This 
placed primary emphasis on the swelling of the polymer 
network. Since the crosslinks resist expansion of the 
resin, ions that cause expansion are less favoured than 
those that do not. Gregor attempted at first to explain 
selectivity entirely on hydrated ionic size. Thus the 
affinity series Li** < Na+ < K+ < Rb*" < Cs+ is 
consistent with the theory that the smallest (hydrated) ions 
are taken up the most strongly. It does not however, 
account for the position of Ag+ and Tl+ (which fall into the 
correct place In order of activity co-efficients), nor for 
the behaviour of substituted ammonium ions.
The first successful attempt to combine both of the 
above approaches into a single comprehensive theory was that 
of Glueckauf in 1952. (22) The model employed considers a
Lonnan-type equilibrium between the external dilute solution 
and the concentrated electrolyte mixture which is contained 
in a phase constrained by the tension of the resin network. 
Equilibrium criteria can be applied rigorously to any freely 
permanent species e.g. water. The criterion for equilibrium 
is not that the activity of the water be the same in the two 
phases, because the stretching of the network constitutes an 
extra form of energy, but that the chemical potential should
be the same. For the resin solution this can be taken as 
the chemical potential that would apply to an identical 
system, without the strain, plus the partial molar free 
energy of stretching. The energy of stretching can be 
considered equivalent to a swelling pressure ?, resisting 
•expansion of the resin phase. The supposition is that a 
soluble ion exchanger without cross-linking, enclosed in a 
vessel compressed by a piston to a pressure equal to P, would 
behave in the same way as the piece of resin. Thus at 
equilibrium for any species J.
= tr = u°j + iVj
where Uj is the chemical potential of J outside, 11° is the 
potential it would exert in the internal medium in the absence 
of swelling energy, and PVj is the swelling energy (Vj being 
the partial molar volume of J in the given resin at 
equilibrium).
To use the above equation, two simplifying assumptions 
are made. The swelling energy is supposed to be dependent 
only on the total volume of the resin and independent of the 
nature of the ions present. The IJj term is supposed to be 
dependent only on the chemical composition of the resin and 
independent of the configuration of the resin network*
Application of the above, theory to ion exchange 
equilibrium leads to the following fundamental equation.
RT In W . . ■ ' IaI Xa _ P O l  - %)
[ I H  T a |b ] %
where the Y terms signify mean molal activity coefficients 
for solutions without strain energy, and the bracketted terms 
are molalities.
Thus In K = In . L M  - In (XB ) + P (VA - ?B) RT
(YA) (YA )
The first term on the right hand side is negligible for 
dilute solutions. The selectivity therefore depends on the 
net result of electrolyte activity effects inside the resin, 
and the change in swelling energy. Evaluation of the 
quantitative importance of the two effects shows that for 
standard commercial resins and small ions, the swelling 
energy has little effect on the position of the exchange 
equilibrium. Only for large ions and highly crosslinked 
resins does the swelling energy term take precedence.
Attempts to calculate absolute values for have not 
met with complete success. The values obtained are usually 
only of the correct order. The difficulty is assessing
yL
values for the term -=-. little is known about the activity
YA
behaviour of concentrated mixed salt solutions and it is
26.
reasonably certain that existing theories (Rarned Rule) are 
not satisfactory over the concentration range required.
Further development of the theory of ion exchange 
equilibrium must await the development of methods of 
accurately determining activity co-efficients of concentrated 
mixed salt and polyelectrolyte systems.
4. Ion Sieve Effects
The three dimensional cross-linked structure of both
mineral and organic ion exchangers means that the channels
or pores through which the ions pass into the exchanger
are inevitably restricted in size. In the case of
mineral exchangers the geometric precision of the
structure may result in an exact pore diameter of
constant size throughout the grains of exchange
material. Such exchangers may show very
selective exchange with cations of different radii. It
has been shown (23) for example that with analcite there
+ 0is a complete sieve effect between rubidium Rb (r = 1.48 A)
+ 0and caesium Cs (r = 1.63 A) which permits the free
exchange of rubidium with other cations in the lattice,
coupled with the complete exclusion of the caesium ions.
Synthetic resin exchangers, where the cross-links between the 
main polymer chains occur at random, cannot be expected to
possess the sharp ion sieve properties of such minerals.
The pore size almost certainly covers a range of diameters, 
and even within one resin bead, some microheterogeneity might 
be expected to exist. It has been shown (24, 25, 26) that 
the inter-action between a particular ion and a series of 
resins of various degrees of cross-linking may be conveniently 
divided into three regions.
1. Open resins of low cross-linking (high weight-swelling) 
in which 100^ of the resin capacity may be occupied by 
the ion in question.
2. Resins of moderate cross-linking (medium weight - 
swelling) in which progressive exclusion of the ion 
occurs as the degree of cross-linking increases.
3. Resins of high cross-linking (low weight-swelling) in 
which complete, or almost complete, exclusion of the 
ion takes place.
These three regions are clearly shown in the work of 
Kunin and Myers on the sorption of penicillin by Amberlite 
IRA-400 (27).
G/° cross-linking agent 0-1 2 3 4 8 or above
a/° Capacity occupiable 
by penicillin 100 84 74 62 0.4 or less
Anion Exchangers in the study of complex systems
When a solution containing anion A~ is left in contact 
with a quantity of strong base resin in the B~ form the 
following equilibrium, is established
A + resin -B = Resin -A + B~
The position at equilibrium will depend on the concentration 
and quantity of A~ in the original solution and on the 
quantity of resin used. If the anion B” is univalent, the 
quantity desorbed will provide a direct measure of the number 
of active sites occupied on the resin by A~ . There are two 
principal methods by which the above facts are applied to the 
study of complex systems, the column technique and the batch 
technique.
Column Technique
If, in the above example, the ion B~ is continuously 
removed from the vicinity of the resin, the equilibrium will 
be displaced to the right in the usual manner, and the resin 
will be eventually converted completely to the A” form. This 
is the basis of the column method, A quantity of resin- 
water slurry is introduced into a glass column containing a 
glass wool plug or sintered glass disc and any air bubbles 
removed by backwashing with water. A diagram of the 
apparatus is shown in fig. 1. Some swelling of the resin
FIC. I 2 OL
Z.« kovcit  ory Io t t -  exchange Column
Sintered
disc.
will take place due to hydration and this must be allowed for 
when filling the column. To convert the resin into the 
desired A~ form a slow stream of solution containing the ion 
is passed down the column until the original B~ ions are no 
longer detectable in the effluent. If the ion A” is stable 
to washing, passage of a suitable quantity of de-ionised water 
down the column will remove surplus A" solution, and leave 
the resin fully converted to the A~ form. While this method 
has many applications in preparative, or analytical, chemistry 
it is generally considered too cumbersome for the study of 
complex ions. Its use in the present studies has been 
confined to the preparation of various ion-forms of the resin 
for use in batch experiments.
Batch Technique
This consists simply of mixing calculated quantities of 
resin and solution and allowing ionic equilibrium to be 
established. The time allowed for the attainment of 
equilibrium, may vary from a few hours to a few months, and 
the degree of agitation may be varied from violent shaking, 
to occasional swirling, depending on the nature and purpose of 
the investigation. When equilibrium has been reached, the 
resin and solution are separated by filtration, and retained 
for analysis. Convenient quantities of resin are 0.25, 0.5
or Ig, and it is only occasionally necessary to exceed Ig.
The volume of solution may "be conveniently varied from five 
to five hundred millilitres depending on the solubility and 
concentration of the salts in the solution phase. The 
analytical determinations may be performed on the solution 
phase, or on the resin phase, after filtration, and elution • 
with a suitable medium. In the interests of accuracy, it 
may be necessary to carry out some determinations on the 
resin phase and others on the solution-phase. The procedure 
used is that which affords the maximum convenience and 
accuracy for the particular series of experiments. For 
example, resins of high weight swelling tend to adhere to 
the inside of glass vessels and can only be quantitatively 
transferred to filtration columns with difficulty. In such 
cases analysis of the solution phase is to be preferred. On 
the other hand, when carrying out experiments on the sorption 
of complexes from strong hydrochloric acid it would be quite 
impracticable to determine the reduction of the chloride ion 
concentration in the solution, produced by the sorption of a 
few milliequivalents of chloro-complex.
The choice of the ionic form of the resin for use with 
batch experiments is important. Ideally the ion initially 
on the resin should satisfy the following requirements:-
1. It should be easy to convert commercial resins into 
the desired ion form.
2. The affinity between the ion and the resin should be 
as low as possible. This will ensure that when 
equilibrium is reached, a high proportion of the resin 
capacity is occupied by the complex under investigation.
3. The ion, when desorbed, should not interfere with the 
complex system being studied.
4. The desorbed ion should be one that permits easy and 
accurate quantitive analysis.
For many systems the chloride ion fulfills these requirements
adequately.
The advantages of the batch technique may be summarised 
as follows:-
The quantities of resin and solution required are 
small. As equilibrium is established before the resin and 
solution are separated the results are unually reproducible. 
Variation in the ratio of solution to resin may show up 
concentration effects which could be missed by column 
techniques. The results obtained are usually easier to 
interjjret than those obtained by column work.
The batch technique was used throughout the present 
studies.
Application of the Batch Technique to the Study of Complex Ions
In the study of inorganic systems where complex forma­
tion is suspected, it is necessary to establish that complex 
formation does in fact occur, the nature of the complexes (i.e. 
cationic, anionic or uncharged) and their number. Also 
required are the composition of the individual complexes, the 
charges they carry and their instability constants.
Ion exchange methods have been successfully employed 
to obtain all the above information, but only by using a wide 
variety of techniques, and the batch technique when used in 
moderately concentrated solutions will only provide qualitative 
information about instability constants. These are usually 
determined at very low metal ion concentrations and very low 
resin loadings by methods such as those of Schubert (28).
Such methods, however, can provide no information about ions 
that only occur in concentrated solutions.
It is instructive when considering the batch technique 
to compare the method with the classical approach. .This 
involved finding some ion of opposite charge with which the 
complex could form a crystalline precipitate. This 
precipitate could then be washed, dried, and submitted to 
analytical investigation. The search for a suitable 
precipitating agent was often tedious and there are complex
systems from which no crystalline derivatives have ever been 
isolated. These methods were gradually replaced during the 
decades preceding 1950 with modern physical techniques such 
as EIVIP measurements, electrometric titrations, spectrophoto­
metry and polarography.
The advent of the ion exchange batch technique in 1953 
(29) extended the scope of the classical procedure by 
eliminating the need for a specific counter ion. An anion 
exchange resin, for example, is a large insoluble cation with 
mobile replaceable anions. The absence of crystal structure 
enables it to accommodate ions of varied size, shape and 
valency, and there are few complex anions with which it could 
not form a ’’compound” under the right conditions. This 
extension of the scope of the classical procedure carries 
with it one disadvantage. The crystalline precipitates 
previously obtained were usually pure compounds, the analysis 
of which gave the composition of the complex in unambiguous 
terms. The ion exchange resin filtered from a solution 
containing complex ions is rarely a ’’pure compound” in the 
sense that all the resin sites are occupied by identical ions. 
In addition to the desired complex the resin may contain other 
complexes, ions originally present on the resin, and simple 
ions from which the complexes are derived. This means that
difficulties of interpretation sometimes arise, and the 
interpretation of ion exchange data is discussed in other 
Chapters.
Use of the ion Sieve Effect
If, in a complex system, the number of complexes formed 
is large, it may be impossible to resolve the individual 
members by any of the techniques previously described. In 
such cases, the ion sieve effect may be used to limit the 
number of complexes gaining access to the resin by screening 
out the bulkier members. Judicious use of a series of resins 
of different degree of cross-linking, by permitting entry of 
the larger complexes in order of size, may enable individual 
complexes to be characterised. This method was used by 
Russell & Salmon to elucidate the composition of the condensed 
anions occurring in solutions of vanadic acid (26), and by 
Lister and McDonald in their study of zirconium complexes. (30) 
1. Condensed Anion Systems
If a quantity of strong base resin in the chloride form 
is shaken with a solution of a weak acid HA the equilibrium 
previously described will be established.
H A ;---- * H+ + A",
A" + Resin —  Cl" Resin - A“ + Cl
If the anion A“ is univalent and non-condensed, one
chloride ion will be desorbed for every A~ ion sorbed, i.e.
the ratio of moles A sorbed will be unity. Everest and
Cl~ desorbed
Salmon (9) found it convenient to call this ratio the R Value
_  _ p _
for the A ion. Eor a divalent ion A the R value would be
20.5* Eor a condensed anion such as A the R value representsX
x i.e. the reciprocal of the effective valency of the anion A. 
z
Simple Systems involving condensed and non-condensed 
anions'of like charges
If a hypothetical acid HA gives rise to condensed anions, 
the following equilibria will exist.
xH+ + xA~ — *■ xHA -!-* xH+ + A ~ — ^  x(H+ + A")
' " " V Z *
uncondensed
anion
Reactions 1 and 4 will be favoured by an increase in the 
total concentration of HA. Reactions 2 and 3 will be favoured 
by dilution. With most condensation reactions there is an 
optimum pH or pH range for the existence of the condensed 
anion and reactions 1 and 4 will be promoted by any change of 
pH towards the optimum figure. The fact that the condensation 
reaction is affected by pH and concentration means that a
rigorous exploration of the whole system can be very tedious.
Normal practise is to choose some intermediate concentration 
of acid at which condensation is known, or expected, to occur
and determine the dependence on pH. Promising areas of the 
pH range can then be further explored by investigating the 
dependence on concentration.
Batches of experiments are prepared in which the pH has 
been adjusted to cover the whole range (0-12) in approximately 
unit intervals. When equilibrium has been established the 
resin and solution are separated and submitted to analysis 
for HA, and 01, if the chloride form of the resin was used.
It is advisable to recheck pH on the solution after 
equilibration as this occasionally differs slightly from the 
pH of the solution before introduction of the resin. The 
results are most conveniently expressed in graphical form. 
Typical results for a system similar to the one described 
are shown, in Pig. 2. Thus at the natural pH of the solution, 
the acid, even in its condensed state is too weak to provide 
a sufficient concent ration of ions for sorption of A” to 
occur. As the pH of the solution is raised an increasing 
concentration of the condensed species A is produced which 
compete with the chloride ions for the active sites on the 
resin. Calculation of the R value over this pH range will 
give x which is the average degree of condensation of the 
anion. As the pH is further raised, decondensation of A~ 
to xA” occurs so that the total sorption of A reaches a
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maximum and then decreases. As the ionic charge during this
transition has been assumed to be unaltered, the desorption of
chloride curve will reach a maximum at the same pH value.
At higher pH values when A is the only ion exchanged
for chloride the R value will be -unity. At yet higher pH
values the R value of A may fall to 0.5 due to the sorption 
2-of A with a consequent increase in the chloride desorbed.
At pH values of 12 and above, some replacement of chloride
ion in the resin occurs due to the increasing competition
from hydroxyl ion in the solution.
A system of the type just described was found to occur
(9) in solutions of germanates. Here the condensed ion, a
o
penta germanate (Ge5 °qq where x = 5 and z = 2) is increas­
ingly sorbed between pH 6 and 9 beyond which it is steadily 
replaced by the non-condensed ion HCeCbj at higher pH values*
Complexes formed between an anion capable of forming 
condensed anions and a neutral oomplexing agent
These systems are comparatively easy to interpret. The 
neutral complexing agent M, being non-ionised is not attracted 
to the resin except when forming part of a complex anion. This 
means that any M found on the resin must be in association with 
all or part of the anion A simultaneously sorbed. In addition, 
high ratios of M/A may be used without swamping the resin with
simple ions. It should he remembered however that at high 
concentrations, invasion of the resin by the electrolyte will 
carry some non-exchange M into the resin. This non-exchange 
M may be allowed for by performing blank experiments in the 
absence of metal. As the pH of the solution is varied, two 
competing reactions will occur, self condensation of A and 
complex formation between A and M.
xH* + xMA 'fri xM + xHA pi xH+ + A~ pf.x(H+ + A-)
2 1
xM^A
Reactions 1, 3, and 5 will be favoured by a high ratio 
of A/M, reactions 2, 4, and 6 will be favoured by a high 
ratio of M/A. Increase in the pH will tend to favour both 
4 and 3* When the ratio of M/A is sufficient to suppress
self-condensation of A, a graph showing the sorptions of A
and M, and the desorption of chloride over the relevant pH 
range will often indicate the composition and valency of the 
complexes formed. If self-condensation of A occurs in 
addition to complex-formation, graphing the results is 
usually abortive. It is more instructive to attempt to 
account for the known resin capacity by postulating the 
formation of a particular complex and calculating the 
theoretical resin capacity for the mixtures of ions so
formed. If the resin capacity can he accounted for to within 
5^ over a reasonable range of pH by assuming the sorption of 
a particular complex ion, this provides strong circumstantial 
evidence for the existence of that complex in solution.
Complex systems containing covalent halides 
" iiT  strong Halogen acid
Many covalent metal halides dissolve in strong halogen
acid to give complex anions.
MCI + n HC1 <=■ nH+ + M Cln~ x x+n
The complex anion often possesses a high affinity for
strong base exchange resins and may be sorbed in competition
even with 12 H hydrochloric acid
MCln7 + Resin - Cl p; Resin - M Cl + n Cl~ x+n x+n
The effect of such exchange is to replace n Cl" by MCl^"^
which means a net increment to the resin of MCI . It is
thus obvious that if only small amounts of complex are sorbed,
it is not possible to distinguish between sorption of ^l^+n
and MC1^“ . If however the quantity of M sorbed is in excess 
x+y
of 0,33 of the resin capacity, trivalent complexes are largely 
discounted and if the ratio exceeds 0.5 the presence of at 
least some monovalent complex is indicated.
If the normality of the acid in which the covalent halide
is dissolved is varied, complete or partial hydrolysis of the 
initially formed species may occur to produce hydroxylated 
anions«
M C1x+n + H 2° M C1(x+n-l) 0H ^  + H 01
This process may he repeated in lower concentrations of acid 
with eventual precipitation of M (OH) u In some systems aX
dynamic equilibrium may exist between several successive 
stages of the hydrolysis. Ion exchange methods form an 
extremely useful means of studying these partially hydrolysed 
species which are difficult to examine by classical technique 
Suitable quantities of metal halide are dissolved in 
convenient quantities of halogen acid. The normality of the 
acid is varied from 0 - 12 IT by using appropriate proportions 
of concentrated acid and water, J or i gram quantities or 
resin converted to the same halide form are added. With 
gentle shaking or magnetic stirring, equilibrium is usually 
established fairly quickly, two or three days being 
sufficient. The resin is then filtered. Because of the 
sensititity to water of some of these complexes special 
precautions need to be taken to prevent hydrolysis during 
filtration.
Evaluation of the analytical data on the resin is 
performed as follows. The metal atom in the complex is
assumed to have an effective valency of Z. If the number of
gram-atoms of metal/equivalent of resin = M then the resin
capacity occupied by free halide ions = 1 - ZM. If the
total halide found on the resin = 1 then the halide combined
in the complex is T - (l-ZM)# The ratio of halide/metal in
the complex is thus T - (l-ZM). for a typical complex the
M
results of a series of experiments at various acid concentra­
tion could be as given below*
| Concentration j q.9 stoms/fciuiv, of t e n  I Halide/Metal Ratio 
1 of Acid (M) i nTnlHHp ; “ W f h H --- 1 as univalent ion
5.0s 1 
5.0.a 1 
5.0s 1 
4.8s 1 
4.0s 1 
3.5s 1 
3.0s 1 
complex hydrolysed
The conclusions to be drawn from the above table are as 
follows. In concentrations of acid ^  6M the stable species 
is a univalent complex of the formula IVi Cl^ . Between 6M 
and 3M, one and then two, chlorine atoms are replaced by OH 
groups by reaction with water molecules to give M C1^0H~ and 
M Cl^(OH)" . further removal of halogen atoms results in 
complete hydrolysis of the complex to M(0H)^ + HC1.
Complexes formed between an anion capable of forming 
condensed anions and hydroxy acids of dicarboxylio acids
In these systems it is usual to use the resin converted 
to the hydroxy acid or polycarboxylic acid form. Chloride 
forms of the resins could be used, but in solutions of high 
pH the fully ionised organic acid displaces most of the 
chloride from the resin so that little is gained for the 
additional analytical work involved. This procedure means 
that under certain conditions it may not be possible to 
distinguish between different complexes of different valency 
e.g. , MA<?~ MAP • Tlle £irsi: complex displaces
3 Ac~ from the resin, the second 2 Ac and the third one Ac , 
the net effect on the resin is merely to add an amount of M 
without affecting the quantity of Ac“, It is only if the 
quantity of M exceeds l/3 or i  of the resin capacity that 
their resolution may be effected. The Table below gives an 
example of the results that may be obtained with such a system.
pH mm/He
M
'km/ me
A©
mm/He
or
Capacity calculated FOR SORPTION 0F:-
MA^H- Ac MAil”  +AC MAC + AC N-M + AC X
I .05 ,15 ,975 1.0 1.05 1.05
2 .50 1.5 1.0 1.50 1.50
3 .45 1.45 1.0 1.45 1.45
4 .40 1.20 .8 1.20 1.20
5 .35 1.07 .7 1.07 1.07
6 .30 1.00 .7 1.0 ! .0
7 .25 1.00 .75 1.0 1.0
8 .60 .7 - - .7 1.0
9 1.50 .4 _ - - 1.0
10 1.6 .2 - - - 1.0
1 1 .8 .2 - - - 1.0
12 • .42 .15
L -.. -
1.0
The figures for the calculated capacity fall clearly 
into three main regions. Below pH 3 the only complex 
satisfying the capacity requirement is MA?^ • Above pH 8 
independent sorption of condensed anion and Ac is indicated.
p _
Between pH3 and 8 a mixture of MAc^ and a lower complex is
being sorbed but the data does not permit discrimination
2- - 
between MACg and MAc.
STUDIES Off SOLUTIONS OH QUADRIVADENT GERMANIUM AID 
TIB ID HYDROCHLORIG ADD HYDROBROMIO ACIDS
HISTORICAL
The oxide, chloride and bromide of quadrivalent germanium 
were among the first compounds to be prepared after the 
discovery of the element by Winkler in 1886. Bo attempts 
appear to have been made to investigate the nature of solutions 
of these compounds in halogen acids until 1929, when Pugh 
determined the solubility of GeO^ in solutions of hydrochloric 
and sulphuric acids (34). Pugh established that the 
solubility of GeO^ decreased as the concentration of HC1 
increased from zero to 5.3M, and then increased rapidly 
between 5.3 and 7.6M. In sulphuric acid the solubility 
decreased progressively as the concentration of sulphuric acid 
was increased. In 1932 Allison and Muller (35) showed that 
the solubility of GeCl^ was vanishingly small in 16M HC1 and 
increased rapidly as the concentration of acid was lowered to 
8M. Bo efforts were made by these authors to elucidate the 
nature of the compounds formed in these solutions. The 
first attempt to do so seems to have been that of Laubengayer, 
Billings and Bewkirk (36), whose transport experiments failed 
to show that anionic germanium complexes existed in solutions 
of germanium tetrachloride in hydrochloric acid. By the 
rapid addition of GeOl^ to an alcohol - HOI mixture saturated
with caesium chloride, they were able to prepare caesium 
hexachlorogermanate CSgGeClg. They found that this compound 
dissociated into GeCl^ and CsCl when heated to 160°C, and 
dissolved in water with decomposition. The most comprehensive 
investigation into the compounds present in such systems is 
that of Brauer and Muller (37). They made solubility 
measurements on GeO^ in hydrochloric, hydrobromic, hydriodic, 
sulphuric, nitric and perchloric acids. These measurements 
were supplemented by transport experiments which showed a 
tendency for anionic migration of Ge in solutions of hydro­
chloric acid of all strengths, but none in solutions of HBr, 
HOIO^, HBO^ or H2S0^ stronger than 2M, Their results were 
published only after the completion of the work detailed in 
this report. Anion exchange experiments have been reported 
by Kelson and Kraus (38) and Yoshino (39) on solutions of 
GeC^ or GeCl^ in HC1. Very low concentrations of Ge were 
used, with a large excess of ion exchange resin. They found 
little sorption of Ge belowT a hydrochloric acid strength of 
4M, Above 4M the sorption steadily increased reaching a 
maximum at 10M. Owing to the small amount of Ge actually 
taken up by the resin no quantitative information was obtained 
regarding the composition of the complex anions sorbed.
Scope of the Present Work
Solubility Measurement
Pig. 35. shows the solubility of Ge02 and GeCl, in 
hydrochloric acid as determined by Pugh, and Allison and 
Muller. The two curves do not overlap, and the rapidly 
changing slopes in the 7*5 - 8 M HC1 region make it impossible 
to decide whether the curves will concur to make a single 
peaked curve, or digress into two separate curves with 
different maxima. It was accordingly decided to re-determine 
the solubility of G-eC^  and G-eOl^ over the range of hydrochloric 
acid concentrations from 0 - 12 M particular attention being 
paid to the 6 - 9 M region, and extend the measurement to 
include G-eO^  and GeBr^ in HBr.
The results obtained by Yoshino, and Nelson and Kraus, 
make it reasonably certain that anionic chloro complexes of 
germanium exist in high concentrations of hydrochloric acid 
and that they are sorbed by strong base resins. It was 
therefore decided to carry out exchange reactions in the 
region of the peak solubility at 7 - 8 M HG1, using volumes 
of solution large enoigh to obtain reasonable sorptions of 
complex anions. The bromide system was to be similarly 
investigated, and attempts made to prepare crystalline salts
of the complexes with suitable cations such as caesium and 
rubidium. In view of the largely unknown nature of the 
complexes that were to be investigated, it was thought 
advisable to evaluate the ion exchange technique 011 a 
similar system whose nature had been thoroughly established 
by classical methods. The stannic chloride - hydrochloric 
acid system was selected. SnCl^ is a comparatively stable 
halide. It forms stable hydrates such as SnCl^^H^O, and 
hydrolyses only in an excess of water. It forms a well 
defined series of hexochlorostannates such as (NH^)^ SnClg, 
from which the parent acid has been isolated as a hydrate 
of the composition H^Sn Clg# 615^ 0 (40). In addition, it
has been observed that stannic tin in hydrochloric acid 
solution is strongly sorbed by Amberlite IRA-400, (41).
Experimental
Anion Exchanger
This consisted of Amberlite IRA-400 converted to the 
chloride or bromide form as required, by the method previously 
described. This resin is a benzyl trimethyl ammonium type 
manufactured by the Rohm and Haas Co. of the U.S.A. Oe25g 
of the air-dried resin was used, the capacity in the chloride 
form being approx. 0.73 millequivalents./0,25g.
Where washing of the resin was kept to the minimum, to 
avoid hydrolysing water sensitive complexes, ordinary distilled 
water was used. Where prolonged washing was required, the 
distilled water was de-ionised by passage through a mixed bed 
resin column.
Solubility Experiments
Acid solutions of various molarities were prepared by 
the dilution of concentrated hydrochloric or hydrobromic acid, 
the molarity being checked by titrating ai^  aliquot with 
standard alkali. Excess GeO^, G-eCl^  or GeBr^ was placed in 
a stoppered 100 ml. flask which was nearly filled with the 
appropriate acid solution. Two weeks at room temperature, 
with occasional shaking, was allowed for equilibrium to be 
established. Small volumes of the acid phase were then
removed and analysed for germanium. It was noticed on 
several occasions that even slight warming of a saturated 
solution produced an immediate clouding due to precipitation 
of germanium tetrachloride and the effect of temperature on 
the solubility of the chloride in 7M HOI was investigated. 
Ion-Exchange Experiments
Acid solutions saturated with GeO^y GeCl^ or GeBr^ were 
shaken with 0.25g of resin in the appropriate ion-form. The 
volumes of solution used ranged from 5 - 5 0  mis. Pilot 
experiments showed the equilibrium between the resin and 
solution phases was reached after 24 hours continuous shaking 
or seven days with occasional swirling. After equilibration 
the bulk of the solution was decanted from the resin and the 
latter washed into a 10 x 1 cm column containing a Ho. 2 
porosity sintered disc. This was effected by using a small 
volume of acid of the same normality as that used in the 
experiment. The acid adhering to the outside of the resin 
beads was removed by flushing the column for 2-3 seconds with 
water under high suction.
The resin was then eluted with 250 ml. of 0.1 M sodium 
hydroxide for 24 hours to remove the germanium or tin, and 
chloride or bromide, which were then determined in the 
eluate. Blank experiments with 6 - 8M hydrochloric acid and
0.25g Of resin showed that a value of 0.05 milliequivalents 
had to be subtracted from the total chloride in the eluate to 
correct for free acid present in the resin phase. for 
comparison with the germanium experiments, solutions of stannic 
chloride in hydrochloric acid were prepared over the full 
range of acid concentration. Two levels of tin concentration 
were used, one corresponding to the maximum solubility of 
germanium tetrachloride and the other to the maximum 
solubility of germanium dioxide.
Preparation of Caesium and Rubidium Hexachlorogermanates
To a saturated solution of germanium tetrachloride in 
7M - hydrochloric acid (15 ml), was added 5 mis of 7M - 
hydrochloric acid containing 1.5g of caesium or rubidium 
chloride. The solution slowly developed a deep yellow 
colour and on cooling and scratching with a glass rod, 
crystals of the salts separated.
Analytical Methods
Germanium
was determined iodometrically after reduction to the 
bivalent state (42). 100 mis. of the eluate were measured
into a 250 ml. conical flask. 30 mis. of cone, hydrochloric 
and 2-3 mis. of 50^ hypophosphorous acid were added and the 
flask closed with a rubber bung carrying an inverted glass U 
tube. The flask was maintained at 90 - 95°C for 45 mins., 
slowly raised to the boil, and boiled gently for five minutes. 
The free end of the U tube was then inserted into a flask 
containing saturated sodium bicarbonate, and the bivalent 
germanium solution allowed to cool under an atmosphere of 
carbon dioxide. When the temperature of the flask was at or 
below 20°0 the germanium was titrated with 0.1H iodine using 
starch indicator.
Tin
was estimated iodometrically after reduction to the 
bivalent state with pure nickel (43). 100 mis. of the
eluate were measured into a conical flask plus 30 mis, of 
concentrated hydrochloric acid. An excess of nickel foil 
was added, and the flask closed by a rubber bung carrying an 
inverted U-tube. The contents of the flask were boiled 
gently for twenty minutes. The surplus nickel was removed
after rinsing with distilled water and the flask cooled under 
an atmosphere of carbon dioxide. The stannous tin was then 
titrated with H/lO iodine using starch indicator.
Chloride and Bromide
were estimated gravimetrically as silver chloride and 
bromide respectively. In the solutions containing much 
stannic tin, precipitation of the stannic hydroxide occurred 
on acidification of the solution with dilute nitric acid.
This was coagulated by warming to 70°C and removed by 
filtration through a rapid, acid resistant filter, 
precautions being taken to avoid loss of chloride. The
determination of the chloride was then completed on the tin- 
free filtrate.
Caesium and rubidium in the salts were determined by first 
volatilising the germanium with conc. hydrochloric acid, 
fuming with sulphuric acid, and igniting the residue to 
caesium and rubidium sulphates.
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Solubility Results
The solubilities of germanium dioxide and tetrachloride 
in hydrochloric acid are shown in graphical form in Eig. 4  
and in tabular form in table 1. The bromide system is shown 
similarly in Eig. 5 and table 2. The molarity of the acid 
is that before the addition of the germanium compounds. In 
concentrations of hydrochloric acid less than 6M, hydrolysis 
of the tetrachloride occurs and the curve is identical with 
that for the oxide. In stronger than 8 M hydrochloric acid 
the oxide is converted slowly to the tetrachloride and once 
again the two curves are identical. The bromide system 
behaves similarly. Between 6 M and 8 M hydrochloric acid 
however the solubilities of the oxide and chloride are 
drastically different. It is quite obvious that the simple 
equilibrium G-eO^  + 4 H 0 1  ===■ GeCl^ + does not hold in
this range of acid concentration. All the solutions prepared 
appear to be completely stable with the exception of those 
containing the chloride in 6 and 6.5M acid. The tetrachloride 
dissolves readily in the 6 M acid but the dioxide precipitates 
after a few hours, and may continue to do so for several weeks. 
The solutions of the chloride in 6.5M hydrochloric acid are
stable for 4 - 5  months but then slowly deposit the dioxide.
The effect of temperature on the solubility of the 
chloride in 7M hydrochloric acid is shown in Table 3.
Table 3
TEMPERATURE °C -15 0 15 35
SOLUBILITY as grams OeO^/litre 49.3 46.3 38.7 33.5
In the bromide system, the large solubility peaks are 
completely absent and the solubility of germanium tetrabromide 
is only marginally greater than that of the dioxide in the 
6 - 8 M region*
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Ion-Exchange Results
The sorptions of tin and chloride from solutions 
containing 1.5 mis. of stannic chloride and 50 mis. of 
hydrochloric acid of various molarities are shown in Table 4. 
Similar results for solutions containing 0.3 mis. of stannic 
chloride are shown in Table 5# The ratios of chloride/tin 
in the complexes were calculated as follows. The effective 
valency of the tin was assumed to be one or two. The fraction 
of the resin capacity occupied by simple chloride ions was 
therefore C l  -  (n x g. atoms of tin sorbed^/. The ratio 
01 s Sn in the complex was then given by the expression:-
g. atoms of total chloride - g. atoms of simple chloride
g. atoms of tin
The sorptions of germanium and chloride from saturated 
solutions of germanium dioxide and tetrachloride in 6 - 9 M 
hydrochloric acid are shown in tables 6 and 7, and the 
variation in the sorptions from 7 M acid with time are shown 
in table 8 . The chloride/germanium ratios were calculated 
as for the experiments with stannic chloride. Outside the 
range of 6 - 9M Hydrochloric acid the sorption of germanium 
was too small to be measured by the purely chemical techniques 
used, owing to the low solubility of germanium. Measureable 
sorption of germanium occurred only when the concentration of
57*
germanium in solution was greater than ca. 5 0  mg. atoms per 
litre. With solutions of germanium tetrabromide in 
hydrobromic acid, the sorption of germanium by Amberlite 
IRA, 400-Br was negligible at all acid concentrations.
Analytical Results
The following are the experimentally determined figures 
for the io caesium, rubidium, germanium and chloride, in the 
salts precipitated from solutions of GeOl^ in 7M HC1. The 
theoretical figures calculated for compositions consisting 
of CSgGreClg and Rh^ Ge Clg are shown for comparison.
Cs Ge Cl
1o FOUND 48.5 13.3 38.1
f  IN 0s2 Ge 016 4 8 . 2 13.2 3 8 . 6
Rb Ge Cl
i  ROUND 37.0 15.6 4 6 . 8
°/o IN Rb 2 Ge Cl6 37.4 15.9 4 6 , 6
59.
TABLE I 
(Bata for Eig.4 )
MOLARITY 
of HC1
Solubility of G-e02 
(as grams Go02/litre)
Molarity 
of HC1
Solubility of G-eCl^  
(as grams Ge0 2 /litre)
0 4.4
2 , 1 2 . 1
3.5 1.3
4.5 0.93
5o3 0 . 7 0
6 . 0 1.31 6 . 0 3 . 8 8
7.1 3.6 6 . 6 45.5
7.9 10.3 7.0 35.4
8.7 3.7 7.4 24.3
9.4 0.91 7.8 16,6
8.4 8 . 2
1 0 , 8 0.28 8 . 8 2 . 2
1 1 . 8 0.26 9.75 0 . 6 6
10.75 0.34
;
11.75 0.26
—  ... .
TABLE 2 
(Data for Eig, 3 )
Molarity 
of HBr
Solubility of Ge0 2  
(grams Gk^/litre)
Solubility of C-eBr^ 
(grams GreQ li tr e J
4.0 0.71 0.87
5.1 0.41 0.71
5.95 0 . 4 6 1 . 0 2
7.1 1 . 2 2 1 . 7 8
8 . 2 0.91 0.91
1 0 . 0 0 . 1 0 0 . 1 0
1 1 . 8 0 . 0 7 6 0 . 1 0
1.5 mlo* Sn Cl, per 50 mis, solution 
0.25g. Ambbrlite IRA 4-00- Cl
ACID 
C0NCn 
(M) 3E
12
10
10
q
6
5
5
5
4
3
2
1
0.5
0.1
0.02
0
IJTatoms s or'bed per 
equivalent of resin
cnar
ClsSn ratio in complex
4,00
4.24 
4«06
4.15
4.16
4.25 
4.15 
4.03 
4.00 
3.60 
3.90 
3.27 
3.22 
2.84 
2.58 
1.74
onarse
0.735 5.1:1 6 . 1 si
0 . 7 6 0 5 .2 : 1 6 . 2 1
0.755 5.0:1 6 . 0 1
0.765 5.1s! 6 . 1 1
0.755 5.1:1 6 . 1 1
0.775 5.1:1 6 . 1 1
0.767 5.1:1 6 . 1 1
0.765 4.9:1 5.9 1
0.765 4.9:1 5.9 1
0 . 7 0 0 4.7:1 5.7 1
0 . 7 2 0 4.9:1 5.9 1
0.627 4.8:1 5.8 1
0.627 4.5:1 5.5 1
0.475 4.7:1 5.7 1
0 . 4 2 6 4,5:1 5,5 1
0 . 2 9 2 4.5:1 5.5 1
TABUS 5
0.3 mis. of SnCl, per 50 mis solution 
0.25 g. Amberlite IRA 400 - Cl
ACID 
C0UCn * 
(M) 3€
0 . atoms sorbed per 
equivalent of resin
Cl: Sn Ratio in Complex 1
singly
charged
doubly
chargedCl uii
1 . 0 2.65 0.450 4.7:1 5.7:1
0.5 2,54 0 , 4 1 6 4.7:1 5.7:1
0,4 2.49 0.423 4*5:1 5.5:1
0.3 1,62 0 . 1 5 0 5.1:1 6 .1 : 1
0.25 1.30 0.067 5.4:1 6.4:1
0 . 2 1 , 0 0
. . -. -i
0
— —  ... ....
& acid concentration Before addition of stannic chloride
TABLE 6
0_.25^-Amberlite IRA. 400-01 
0e02 in HC1
AO IB 
CORO. 
(M) .
VOLUME
SOLUTION
USED MLS
G. atoms 
EQUIVALERO
SORBEB/
} OE EESIN
Ratio 0 1 / Ge in
COMPLEX
Cl Ge SINGLYCHARGED
DOUBLY
CHARGED
8 . 0
9.0
50
50
1.06
1.05
■ -.i
0.195
0.08
. .-..... "v
1.5:1
1 .6 sl
2.3:1
2 .6 : 1
TABLE 7
0.25£. Amberlite IRA 400 - Cl 
0eCl4  in HC1
6.5 1 0 1.64 0*67 1.9:1 2.9:1
6.5 1 0 1.25 0.595 1.4:1 2.4:1
7.0 50 1 . 1 0 0.42 1 .2 : 1 2 .2 : 1
7.0 50 1.34 0.485 1.7:1 2.7:1
7.0 5 1 . 1 0 0.39 1.3:1 2.3:1
7.5 1 0 1.25 0.39 1.65:1 2.65:1
7.5 1 0 1.37 0.395 1.9sl 2.9:1
8 . 0 50 1 . 1 0 0.15 1.65:1 2.65:1
TABLE " 8
0.25g. Amberlite IRA 400 - Cl
in HC1
ACID
CONC.
(M>
VOLUME 
SOLUTION 
USED(MLS)
TIME
of
pre-aging
(DAYS)
G. ATOMS SORBED/ 
EQUIVALENT OE 
RESIN
RATIO Cl/Ge 
in 
COMPLEX
Cl Ge SINGLY
CHARGED
DOUBLY
CHARGED
7M 1C 1 1 . *1 *1 0.39 1.3:1 ■2.3:1
it ii 3 1.17 0.415 1.4:1 2.4:1
it ti 9 1.04 0.355 1.3:1 2.3:1
i it 15 1.04 0.34 1.3:1 2.3:1
i ti 45 1.07 0.475 1.15:1 2.15:1
n ii 70 1.37 0.46 1.8:1 2.8:1
ii it 300 1.17 0*37 1.5:1 2.5:1
Discussion
The sorptions of tin and chloride by IRA-400-C1 shown in 
table 4 from solutions of 2 - 12M hydrochloric acid show quite 
clearly that considerable quantities of anionic chloro 
complexes are being sorbed. Over this range of acidity the 
ratio of chloride/tin in the complex is 5 si for a univalent 
complex, or 6 si for a divalent complex, within the 
experimental error of the method. In all these experiments 
the quantity of tin sorbed was.greater than 0 . 5  g. atoms per 
equivalent of resin, indicating the sorption of at least some 
univalent metal, and the sorptions of 0 . 7 7 5  g. atoms of tin in 
the one of the 5M experiments indicates that at least 60$ of 
the sorption in that region is in the form of a univalent 
complex. The existence of SnCl^ in solutions of stannic tin 
in hydrochloric acid has been occasionally suggested, but the 
results in table 4  would seem to be the first direct evidence 
for its presence in such solutions. It has been shown by 
Kraus & Moore (44), that in strong hydrochloric acid, the 
anions most strongly held by an anion-exchanger carry the
smaller negative charge. It is this effect which is probably
-  . 2-
responsible for the sorption of SnCl^ in preference to Sn Clg .
In solutions less than 2M with respect to hydrochlorio 
acid, the ratios of chloride to tin shown in table 4 and 5
drop significantly below 5 si univalent or 6 si divalent.
These lower ratios could be accounted for by the sorption of 
partially hydrolysed species in which one or more chlorine 
atoms have been replaced by hydroxyl groups. It has been 
shown by Neumann (45) for example, that in 4 - 6 M HC1  
containing antimony pentachloride, Sb Clg ions are in 
equilibrium with SbC1^0H“ and S b C l ^ ( O H ) A s  the lowest 
ratio of chloride/tin observed before complete hydrolysis 
occurred was 4 «5 ? it is evident that the proportion of such 
partially hydrolysed species is low and their range of 
existence very limited. In the solutions containing 1.5 mis. 
of stannic chloride no hydrolysis to stannic hydroxide occurred 
even in the absence of added hydrochloric acid. In these 
solutions the partial hydrolysis of a fraction of the stannic 
chloride produces chloride ions which combine with the rest 
of the stannic chloride to form penta- and hexachlorostannates 
which are then sorbed by the resin. This would agree with 
the views of Gueron who observed that the Raman Spectrum of 
freshly prepared solutions of stannic chloride contained 
lines observed in acid solutions of hexachlorostannates (4 6 ).
The low ratios of chloride/germanium in the results 
shown in tables 6 - 8  indicate that the ions present in 
solutions of germanium in hydrochloric acid are very different
to those in comparable solutions containing stannic tin. The 
mean ratios found are 1 . 5  for a univalent, or 2 . 5  for a 
bivalent complex. This would suggest the sorption of 
partially hydrolysed species such as Ge (OH) Cl,- ~ or
X O “X
2 _
Ge (0H)x where x = 3 or 4. In the experiment
at 6.5N in table 7 the sorption of germanium rises noticeably 
above 0,5 g. atoms per equivalent of resin, which suggests 
that it is the univalent complex which is being sorbed.
It is obvious from the solubility curves (fig. 4) that 
appreciable quantities of chloro-complexes exist only in the 
region 6 -9 M hydrochloric acid, and that their concentration 
is much higher in solutions derived from germanium tetra­
chloride than from germanium dioxide. In addition, the 
narrowness of the tetrachloride peak suggests that some 
effects are operating at 6 and 8 M concentration of acid that 
cause a drastic reduction in the quantity of complexes in 
solution. It is suggested that the effect at 6 M acid 
concentration is the removal by hydrolysis of the last 
chlorine atom attached to the germanium. The resulting 
germanic acid has such a very low solubility in acid of this 
strength (approx. 0 . 5  g/litre), that precipitation of 
hydrated germanium dioxide causes a rapid reduction in the 
amount of dissolved metal.
The effect at 8 M acid concentration is almost certainly
the chlorination of the intermediate partially hydrolysed
species to form the G e 01  ^ or G e Clj?“ions which decompose
into chloride ions and free G e 0 1 ^, Experiments with
hydrochloric acid gas and germanium tetrachloride (3 6 ) have
shown no evidence for the existence of the free acid HgGeClg
and it is this fact that.is probably responsible for the
2 ~instability of the GeClg ion in strong acid solution. It 
thus appears that the system existing in 6 - 9 M HC1 contains 
the following ions in equilibriums
unionised
monogermanic GeCl(OH)^ GeClgtOH)^ GeCl^(0H)“
a0id(l) (2) (3) (4)
ri GeCl.OH GeClc •5 =5 .^ GeClg"
(5)
GeOl^ + Cl"
Of these (l) is known to exist in solutions of germanium 
dioxide in water, (2 ) and (3 ) have been shown to exist by the 
ion exchange results discussed above and the presence of (7) 
has been demonstrated by the crystallisation from 7M HC1 
solutions of caesium and rubidium hexachlorogermanates. The 
existence of (4 ), (5 ) and (6 ) must be inferred as intermediate
stages in the conversion of (3 ) to (7 ).
The scheme outlined above explains most of the observed 
features of the GeOg - GeOl^ - HOI system except the large 
difference in the solubilities of the oxide and chloride.
The delayed appearance of germanium oxide in solutions of 
the tetrachloride in 6.5M acid suggests that the solutions 
of tetrachloride in 6 - 8  M acid are in fact meta-stable with 
respect to those of the oxide, and that one or both of the 
two species indicated by the ion exchange results are more 
easily produced by removal of halide from GeOl^ then by the
addition of HC1  to H 0 GeCU.
2 5
The absence of large solubility peaks and the negligible 
sorption of germanium from solutions of germanium tetrabromide 
show that no system similar to that given above exists in 
hydrobromic acid. The hydrolysis of GeBr^ evidently occurs 
via the uncharged species GeBr^OH etc.
These conclusions agree well with those subsequently 
reached by Brauer and Muller (37) on the basis of their 
solubility and transport experiments.
Conclusion
The germanium dioxide, - germanium tetrachloride - 
hydrochloric acid systems has been interpreted as followss-
1. In 0 - 6 M acid the major species present is monogermanic 
acid whose solubility is depressed as the concentration 
of acid increases. This view is supported by the work 
of Brauer and Muller.
2. In 10M solutions of hydrochloric acid or stronger, trace
2-
quantities of GeCl^ exist, decomposing to germanium 
tetrachloride and halide ion as the concentration of 
acid increases. This is supported by the work of 
Nelson and Kraus.
3. Between 6 and 10M acid a solubility peak occurs due to 
the formation of hydroxy - chlorogermanates containing 
one and two atoms of halide per germanium, the higher 
solubility of germanium tetrachloride being due to the 
formation of solutions metastable with respect to those 
of the oxide.
In the germanium dioxide - germanium tetrabromide- 
hydrobromic acid system, no evidence has been found for the 
existence of bromide-containing germanium complexes.
In the stannic chloride - hydrochloric acid system 
direct evidence has been produced for the existence of the
SnClpj ion, and the existence cf chlorohydroxy stannates has 
been shown to be limited to dilute solutions of stannic 
chloride in solutions of low acidity.
PART III
CONDENSED ANIONS IN HIGH CONCENTRATIONS
OP GERMANATES
Historical
The condensation reactions of germanic acid in the pH
range 4-13 have received considerable attention. Studies
involving pH titration (47), cryoscopy (48), dialysis (49),
analysis of complex salts (50), and ion exchange (9 ), have
been interpreted as indicating the existence of the
2-
pentagermanate ion Ge^O^ in the pH range 8-10, this ion 
depolymerising to monogermanate as the pH range is lowered 
to 5 or raised to 11. In 1952 Nowotny and Wittman discovered 
the existence of a new series of polygermanates which they 
characterised by X-ray diffraction as being derived from a 
hepta-condensed acid H^ Ge^ ° 1 6  ( 51).
In 1956 these workers demonstrated that all the 
crystalline solids previously alleged to be pentagermanates 
were actually derived from the hepta-condensed acid, the 
general formulae being H Ge^ O^g (52). They considered 
that there was no evidence for the existence of the penta- 
germanate ion in the solid state and suggested that the 
condensed ion found in solution by previous workers at pH9 
was also derived from the hepta-condensed acid.
These views have since been supported by Shaw, Corwin 
and Edwards. (53) If has also been shown by Brauer and
Renner (54-) that the solid previously considered to he 
crystalline pentagermanic acid (5 4 ) consists only of hydrated 
germanium dioxide.
Scope of the Present Work
The work of Wittman and Bowotny, Shaw, Corwin and 
Edwards, and Brauer and Renner negatived all the previous 
evidence for the existence of the pentagermanate ion in the 
solid state and cast considerable doubt on its existence in 
solution. The presence of a mixture of mono- and hepta- 
germanate could theoretically explain most of the observations 
previously interpreted in terms of pentagermanate. A 
re-examination of the ion exchange data on the germanate 
system (9, 42, 5 6 ) indicated that at pH 7-9, R values 
slightly, but significantly, above 2 . 5  were present, 
increasing with increasing germanium concentration. As 
increasing the concentration usually increases the tendency 
of an acidic species to condense (1 0 , 5 7 , 5 8 ) it was decided 
to extend the previous ion exchange work to solutions 
containing higher concentrations of germanium in an attempt 
to detect the existence of the hepta-condensed acid. It 
was also decided to subject the concentrated germanate 
solutions to ion sieve experiments similar to those employed 
by Russell and Salmon (26) in their study of the vanadic acid 
system, in an attempt to prove or disprove the existence of 
the pentagermanate ion.
Experimental
Solutions
Weighed amounts of germanium dioxide were added to 100, 
75 or 4 0  mls„ of boiled out distilled water and the resulting 
suspension boiled. 3 H sodium hydroxide was then added very
slowly to effect solution of the germanium. After cooling, 
the volume of solution was restored to its original value by 
the addition of boiled out distilled water. In the absence 
of excess caustic, optically clear solutions were obtained 
of pH ca 6 . Further additions of 3H alkali were then made to 
adjust the pH to the required value.
Resins
Amberlite IRA 400 - 01 was used in the majority of 
experiments, its water regain (7 2 ) in the chloride form being 
0.82 g/g resin, For the ion sieve experiments, a series of 
resins of different water regains was employed. These were 
of the Ee-Acidite FF type. Their capacities in the chloride 
form (in meq./g of air dried form) were respectively 3.91 
for the resin of regain (W.R) 0.49, 3.12 for W.R. 0.60, 3.40 
for W.R. 0.76, 2.85 for W.R 0.91, 2.17 for W.R 1.04, 3.60 for 
W.R 2.33. 0.25 g. resin was employed in all experiments
except those involving the De-Acidite FF series as ion sieves 
when 0 . 5  g. was used.
Equilibrium Experiments
0.25 g« resin was equilibrated with 75 mis. of solution 
for 14 days with frequent shaking. The resin was then 
filtered, rapidly flushed with distilled water and eluted with 
0.5B sodium hydroxide ( 1 0 0  mis.) and 0.5R sulphuric acid 
( 1 0 0  mis.) the two fractions being collected in the same 
flask. Germanium and chloride were determined in aliquot 
parts by the methods detailed in Part II.
Ion Sieve Experiment
Batches of experiments were started simultaneously 
containing 4 0  mis. of germanate solution and 0 . 5  g. of resin. 
Continuous shaking was employed, individual experiments being 
removed at various time intervals, Determination of the R 
value of sorbed germanate was obtained directly by estimating 
germanium and chloride in the solution phase. The value for 
the sorbed germanium was obtained by subtracting the figure 
for the residual germanium from that for the germanium 
initially present. The concentration of germanium employed 
was 1.3g/l00 mis. This is the lowest concentration of 
germanium which produces an R value of approx. 3.5 on 
Amberlite IRA - 400.
76.
Re suit s
The change in the R value of germanate sorbed on 
Amberlite IRA 400 at pH 9 with change of concentration is 
given in table 9 and fig. 6 „
The variation with time of the R value of germanate 
sorbed on De-acidite HR of different water regains is shown 
in table 10 and fig. 7. The pH of the solutions was ■ 9.0 
and the germanium concentration was 1.3g OeO^/lOO mis. 
solution.
The variations with time of both R and the quantity of
germanium sorbed by the De-acidite PR resins of water regain
0.60 and 0 . 4 9  are shown in fig. 8 .
The variation of R with pH of a germanate solution
containing l»9g GeC^/lOO mis. solution is shown in table 12
and fig. 9 .
The variation with time of the R value of germanate 
sorbed from a solution containing 9°lg G-eO^/lOO mis. of 
solution is shown in table 11. The pH of the solutions was 
5.8 and 8 . 1  and the resin was De-Acidite RR of water regain 
2.33.
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T a b le  9 
(D a ta  f o r  P i g s .6)  
pH 9 * 0  0 .2 5 g  A m b e r l i t e  IRA. 4 0 0 -C 1
G erm anium  
C o n c e n t r a t io n  
g .  G o 0 2 / l0 0  m is .
S p e c ie s  S o rb e d  
g , a to m s /e q u iv ,  
R e s in Hr, V a lu e  o f
Ge C l«
S o rb e d  Ge
.067 0.30 0 .8 3 5 1.8
.1 3 3 0 .9 7 0.580 2 .3
,266 2.00 0.260 2 .7
.5 3 2 .8 2 0.083 3 .0 7
• CO 0 3 .0 3 0 .0 5 1 3.20
1.07 3 .1 1 0.060 3 .3 3
1.46 3 .2 9 0 .0 5 5 3 .4 8
1 ,8 2 3.20 0 .0 8 0 3 .4 8
2 . 7 3 .1 8 0.100 3 .5 5
73.
TABLE 10  
(D a ta  f o r  F ig s .  7 a n d  8 )
4 0  m is .  S o l u t io n  ( l . 3 g  G e02/ 1 0 0  m is )  pH 9  0 .5 g  D e - A c id i t e  FF  -  C l
0 .4 9  W .R . R e s in
T IM E  (hrs)
. ....~i
10
---
25 48 88 1 6 8
. . 11 .. 1.
336 530 6 5 0
Ge Sorbed 
mg. atoms 0.46 0.395 0 . 6 7 2 0 . 7 6 5 0 . 8 6 0 1.045 1 . 1 7 0 1 . 1 8 5
Cl Desorbed 
mg. atoms 0.193 0 . 2 3 8 0 . 2 7 7 0.333 0.337 o.4l8 o.46o ' o.46o
R 2.4 2.50 2 . 4 3 2.45 2.55 2 . 5 0 2.54 2.57
O .oO  W.R. Resin
T IM E  (hrs) 10 24 3 4 48 7 2 96 168 200 24 0
Ge Sorbed 
mg. atoms
0 .9 3 4 1 .2 9 7 1 .4 5 0 1.690 1.830
.
1.910 2 .0 9 2 .1 3 2.15
C l Desorbed 
mg, atoms 0 .3 7 1 0 .4 8 5
0 .5 1 2 0 .5 9 5 0.610 0 .6 0 5 0 .6 4 8 0 .6 5 0 0,(50
R 2 .5 2 2 .6 8 2.80 2.83 3 .0 0 3 .1 6
------------------
3 .2 2 3 .2 7 3.30
0 .7 6  W. R . R e s in
T IM E  ( h r s ) 1 0 2 4 3 4 48 7 2 96
■
168
!
2 0 0
Ge S o rb e d  
mg. a to m s 2 .0 5 2 .2 7 2 .3 5
2 .4 6 2 .5 6 2 .4 7 2 .5 5 2 .5 7
C l D e s o rb e d  
mg. a to m s 0 .6 9 0 .7 3 0 .7 4 5
0 .7 9 0 0.801 0 .7 6 6 0 .7 7 0 0 .7 7 0
R 2 .9 5 3 .1 0 3 .1 5 3 .1 1 3 .2 0 3 .2 2 3 .3 0 3 .3 4
79.
TABLE 10 (Cont.)
0 .9 1  W .R . R e s in
T IM E  ( h r s )  j 1 0 2k 3k kS 7 2 96 168 200
Ge S o rb e d  j 1 .6 8 2,02 2. 12. 2.10 2.18 2.18 2.28 2 .3 3
C l D e s o rb e d  
mg. a tom s
0.362 0, 6^0 0.670 O.638 O.676 0 .6 7 7 0 .6 7 7 0 .6 7 7
R 3 . 0  
— ______J
3 .1 ^ 3 .1 5 3.20 3.22 3.22 3 .3 6 3 .^ 0
1 .0 4 - W .R . R e s in
r — -------------:—
T IM E  ( h r s ) 10 2k 3k  | kS 
!
72 96 168 200
Ge S o rb e d  
mg. a to m s 1 .7 * * 1 .7 7 1 .7 9 1.83 1.86 1.89 1.89 1.90
C l D e s o rb e d  
mg. a to m s
0. 3*f2 0. 3^8
'
0 .3 3 3 0.362 0.362 0 .3 3 3 0 .3 3 0 0 .3 3 0
R 3.20 3.22 3 .2 ^ 3 .3 0 3 .3 0 3 .^ 0 3.k3 3 .^ 6
2 .3 3  W .R . R e s in
T I M  ( h r s ) 2k
— ..... 1
|
1
80 160 200
Ge S o rb e d  
mg« a to m s 3 .1 3
3 .3 2  |
i1
3.^3 3. 5^
0
0
0
0.K\
C l  D e s o rb e d  
mg. a to m s
.9 1 0
j
. 9^2 !
i
.975 1.01
...
1.10
R 3 .3 0 3.52 j 3.52 3 .3 0 3 .3 3
8o.
TABLE 11
4 0  m is . s o lu t i o n  ( 9 . 1 g  GeO /1 0 0  m i s . )  0 .3 g  D e - A c id i t e  F F  -  C l o f  W .R . = 2 .3 3
pH 3 c8
T IM E  ( h r s . ) 2 4 96 260 300
Ge S o rb e d  mg. a to m s 2 .7 7 3 .1 7 3 .8 4 3 .7 8
C l D e s o rb e d  mg. atom s .9 9 1 .0 3 1 .1 0 1 .1 0 3
R 2.80 3 .0 2 3 .5 0 3 .4 2
pH 8 .1
T IM E  ( h r s ) 2 4 96 260
00IA
Ge S o rb e d  mg. atom s 3 .3 6 3.82 3 .9 6 4 .3 2
C l D e s o rb e d  m g, a to m s 1 .0 1 3 1.06 1 .0 7 1 .0 9
R 3 .3 0 3 .6 1 3 .7 0 4 .1 5
Table 12
7 5  m is . o f  s o lu t i o n  ( l . 9 g .  G eO ^/lO O  m i s . )
pH
S p e c ie s  S o rb e d  
g . a t o m s /e q u iv .  o f  r e s i n
. ..........'T
j
R . V a lu e  
o f  S o rb e d
GeGe C l
5 . 8 2 .9 0 0.150 3 .4 5
6 . 5 2 .9 6 0 .1 4 5 3 .4 6
6 . 5 4 2.88 - 0. 16 7 3 .4 8
7 .2 5 2 .9 3 0 .1 4 4 3 .4 4
8 .1 5 3 .0 3 0.110 3 .4 1
9 . 0 3 .1 0 0 .1 0 0 3 .4 4
9 .6 8 2 .9 7 0.151 3 .3 6
9 .9 3 2 .4 5  
.............  ■
0 .2 2 0 3 .1 4
Discussion
The variation of the R value of germanium with
concentration shorn in fig. 6 indicates that a limiting value
of 3.5 is reached in concentrations of GeO^ Srea^er than
1.5g/l00 mis. This indicates that at high concentrations
the major species p? esent in solution is the bivalent hepta-
2-condensed ion H^G-e^O.^. This ion is similar to that
postulated by Wittman and Rowotny (52) and by Shaw et al. (53)
At low concentration, the curve extrapolates to cut the R axis
at 1.0. This shows that as the concentration of germanium
to
tends to zero the germanate present depolymerises^the mono- 
germanate HG-eO^ form. A close inspection of the curve over 
the middle portion shows that the graph as a whole may be 
considered as consisting of three intersecting straight lines. 
The part ABO is a straight line during which R changes from 1 
to 2.5. The region CD is a straight line during which R 
changes from 2.9 to 3*5. DB is a straight line parallel to 
the concentration axis at R = 3.5. While sorption of a 
suitable mixture of mono and heptogermanate could produce a 
graph of this shape, the flat portion OD does not suggest 
replacement of an ion known to have low affinity for the 
resin (9) by a condensed ion of high affinity. Extrapolation 
of this portion of the curve to E cuts the R axis slightly
above 2.5. This strongly suggests that the portion CD 
represents the slow replacement of one strongly sorbed ion of 
R = 2.5 by a somewhat more strongly sorbed ion of R = 3.5, 
the ion of R = 2.5 being the pentagermanate ion postulated 
by previous workers.
In fig. 7 the curves showing variation of R with time on 
resins of different water regain at pH9 fall into two separate 
groups. With resins of water regain 0.60 and above the R 
values all approach 3.5, indicating that heptagermanate is 
the chief germanate species present on the resins at 
equilibrium. With theresin of water regain 0.49 g/& R remains 
close to 2.5 even after prolonged contract times, indicating 
that pentagermanate was the chief germanate species sorbed. 
With this resin, the pore size is too small to allow take up 
of heptagermanate, but it is sufficiently large to permit 
sorption of pentagermanate i.e. an ion-sieve effect occurs. 
This resin also differs in its behaviour from those of higher 
water regain in that the actual quantity of germanium sorbed 
by the exchanger slowly increases over a period of 28 days 
while the R value remains constant at 2.5 (Dig. 8). With 
the 0.60 W.R. resin the curve for the actual quantity of 
germanium sorbed closely follows the R value curve for the 
resin germanate.
It appears that in approaching equilibrium less highly
condensed species are initially sorbed and that these are 
subsequently replaced by heptagermanate. All previous work 
indicates that the concentration of mono germanate is low in 
solutions of pH 9, it is thus unlikely that monogermanage is 
the species initially taken up by the exchanger. As the R 
value for the 0.60 resin during the first four days forms a 
straight line commencing at R = 2.5 it may be inferred that 
the species initially sorbed is pentagermanate.
At equilibrium the 0,49 water regain resin has only 40$ 
of its chloride capacity occupied by sorbed germanium and only 
40$ of the germanium initially present is taken up by the 
resin. These two quantities are considerably greater in 
corresponding experiments with more porous resins. This 
relatively low equilibrium uptake of germanium could be due 
to the presence of only a small concentration of pentagermanate 
in solution, though it would be expected that the selective 
sorption of pentagermanate by the resin would result in the 
solution equilibria being displaced in favour of this ion 
with a resulting heavy uptake of pentagermanate. A more 
plausible explanation is that pentagermanate itself is partially 
excluded from the resin owing to variations in pore size of the 
latter, this ^effect being enhanced by the fact that the hepta- 
and penta-germanate ions cannot differ greatly in size.
The 0.49 g/g water regain resin was somewhat unstable 
to alkali. After two treatments with 2 N-sodium hydroxide 
its water regain had risen to 0,55 and the resin was no 
longer excluding heptagermanate. It appears that when 
using resins of known water regain as ion sieves, the water 
regain should be checked after each loading-elution cycle.
It is suggested from both present and previous results 
that the following equilibria exist in germanate solutions 
mono germanate pentagermanate heptagermanate
these equilibria being shifted to the right by increasing the 
germaniimi concentration and to the left by increasing the pH 
above 9* The solutions investigated by Wittman and Nowotny 
(52) and Shaw et al. (53) were relatively concentrated and 
would thus contain principally heptagermanate, but the more 
dilute solutions used by other workers would contain mainly 
pentagermanate as the most highly condensed germanate species.
In fig. 9 are shown R values for germanate sorbed on 
Amberlite IRA-400 from solutions containing 1.9 g GeO^/lOO mis. 
between pH 5.8 and 10. With these solutions not only is the 
H^G-e^O-j^2"" ion the only germanate species sorbed below pH 9.7 
but very little change occurs in the actual quantities of 
germanium and chloride sorbed by the resin (table 12). This 
exclusive sorption of heptagermanate and the constant germaniums
chloride ratio is due to two factors. First the high 
affinity of the heptagermanate for the resin (in the absence 
of the ion sieve effect). Secondly the high ratio of 
germanium present in solution both to the chloride present 
in the system and to the amount of germanium sorbed by the 
resin.
In table 12 which shows the sorption of germanium from 
a very concentrated germanate solution by an open resin of 
water regain 2.33 g/g, there is a marked difference between 
the results at pH 5.8 and those at pH 8.1. At pH 8,1 
equilibrium was rapidly obtained, R reaching 3*5 within 24 
hours, and remaining close to this value for 11 days. After 
21 days R had risen to 4.14 indicating that an even more 
highly condensed species occurs in trace quantities in highly 
concentrated germanate solutions, at least in the pH range 
8-9, At pH 5.8 equilibrium between resin and solution was 
only slowly obtainedjRbeing 2,8 after 24 hours and only 
reaching 3.42 after 2.1 days. This slow attainment of 
equilibrium is probably due to presence of only a small 
equilibrium quantity of heptagermanate in solution, a slow 
displacement of the solution equilibrium taking place in 
favour of heptagermanate as this ion is removed by the resin 
from the solution phase.
It has been demonstrated that the condensation of 
monogermanate to heptagermanate proceeds via the intermediate 
formation of pentagermanate. The possible existence of a 
yet more highly condensed ion in very concentrated solutions 
at pH8~9 has been indicated.
PART IV
ION-EXCHANGE STUDIES OP SOLUTIONS OP pH2-12 
CONTAINING GERMANIUM DIOXIDE AND POLYHYDRIC ALCOHOLS
Historical
The formation of complexes between germanic acid and 
polyhydric alcohols has often been observed (59). Their 
formation enhances the solubility of germanium dioxide, and 
the acid strength of germanic acid, and enables the latter to 
be quantitatively titrated with alkali as if it were a strong 
monobasic acid. In the absence of polyhydric alcohols, 
titration of germanic acid gives an end point of two moles of 
alkali to five g. atoms of germanium, corresponding to the 
titration of pentagermanic acid. Addition of mannitol (M) 
appears to degrade the pentagermanic acid to form a complex 
formulated by Tchakarian (60) as H^ where n must be
at least two. The stability of these polyhydroxy complexes 
appears to be considerable; no precipitate of germanium dioxide 
is obtained on addition of ammonia (6l) or of magnesium germanate 
with magnesium chloride. The precipitation of magnesium germanate 
from germanate solutions is normally quantitative (62). The 
ionisation constants of complexes between germanium and several 
hydroxy compounds have been determined by Saito (75), who also 
assigned combining ratios of 1.1 and 1.4 to the germanium- 
fructose complexes.
The most comprehensive investigations to date are those 
of Antikainen (76), who has used pH titrations to elucidate
complex formation in systems containing ethanediol, 
propylene glycol, butylene glycol, glycerol, d-mannose, 
d-mannitol and fructose. Antikainen concluded that glycols 
and glycerol form monobasic 1.1 and 1.2 metal-ligand 
complexes whereas higher polyhydroxy compounds tend to form 
mainly 1.2 complexes.
Complex formation between polyhydroxy compounds and 
other inorganic acids e.g. molybdic, bismuthic, arsenious, 
telluric, niobic, tantalic and zirconic acids has also been 
observed and it is significant that all these acids readily 
undergo self-condensation reactions under the correct 
conditions.
Scope of the Present Work
Little comprehensive information exists on the 
composition of the complexes formed between germanic acid and 
polyhydroxy compounds, the charges they carry, or the conditions 
which favour their formation. Ion exchange techniques are 
particularly suited to the investigation of such systems as 
the excess polyhydroxy compound (which is usually necessary to 
effect complex formation) has no direct effect on the 
composition of the resin phase.
Advantage has been taken of this fact to investigate 
systems in which the ratio of hydroxy - compound to metal 
varies from 1:4 to 100si. At the higher concentrations, 
some invasion of the resin phase by non-exohange hydroxy 
compound occurs but the amounts are small and may be allowed 
for by performing blank experiments in the absence of metal, 
using equal concentrations of hydroxy-compound.
Experimental
Solutions
Eor those experiments in which 2, 3 or 4 mg. atoms of 
germanium were employed, or where the germanium concentration 
was less than 40 mg.atom/litre a stock solution containing 
40 mg. atom/litre was prepared by boiling 10g« germanium 
dioxide in 2.5 litres of distilled water until solution was 
effected. Experimental solutions were prepared from this 
by addition of the requisite quantities of ethanediol, glycerol 
or mannitol, followed by adjustment of the pH with 3H sodium 
hydroxide (freshly prepared to ensure absence of carbonate).
Eor those experiments containing 100 or more mg. atoms/l. 
of germanium, weighed quantities of germanium dioxide, 
polyhydroxy compound and water were placed in a conical 
flask of suitable size, and boiled until an optically clear 
solution was obtained. In many cases, it was found easier 
to effect solution of the germanium if an excess of distilled 
water was used, the clear solution then being evaporated to 
the finally required volume. After cooling, the volume was 
adjusted by the addition of boiled out distilled water, and 
the pH by addition of freshly prepared 3H sodium hydroxide. 
Resins Amberlite IRA-400-01 was employed in all the 
experiments, 0.25 or 0.5 g being used as indicated in the
individual tables.
Equilibration
Fourteen days with frequent shaking was allowed for the 
establishment of equilibrium.between the resin and solution 
phases except for the experiments at the highest glycerol and 
mannitol concentrations, when 28 days was required. The 
solution was then decanted from the resin, the latter trans­
ferred to a short column and rapidly flushed with distilled 
water to remove adhering solution. Elution of the resin 
was effected with 0.3N sodium hydroxide (100 ml.) and 0.3H 
sulphuric acid (100 ml.) both fractions being collected in 
the same flask.
Analytical Methods 
Germanium and chloride were determined as in part II.
Polyhydroxy Compounds
These were determined by adding to an aliquot from the 
eluate (containing not more than 0.1 m. moles mannitol,
0.25 m. moles glycerol, or 0.5 m. moles of ethanediol), 3h 
sulphuric acid (5 mis.) and 0.25N sodium metaperiodate 
(25 mis.). The mixture was kept for 30 minutes out of 
direct sunlight, solid potassium iodide (lg) was added, and 
the liberated iodine titrated with 0.15N sodium thiosulphate.
A blank experiment on the periodate was performed 
simultaneously. In this reaction, one mole of mannitol 
consumes ten, glycerol four, and ethanediol two, equivalents 
of periodate oxygen. The method is a variation of that 
published by ERSKIHE et al. for the determination of glycerol.
(63)
Polyhydroxy Blanks
Eon-exchange sorptions of polyhydroxy compounds were 
determined by equibrating 0.5g of resin with the solution 
containing polyhydroxy compound, but no germanium. The 
resin was then filtered, washed and eluted under conditions 
identical with the germanium containing experiments. Where 
this non-exchange polyhydroxy compound exceeds 0.01 moles/Equiv. 
of resin, the value is shown at the head of the relevant table. 
There is no significant variation of these blanks with the pH 
of the solution. These blanks do vary with the bead size of 
the resin however and should be re-determined for each batch 
of resin.
Chloride Blanks
If concentrated solutions of polyhydroxy compounds are 
equilibrated with Amberlite IRA 400-01 in the absence of 
germanium, some desorption of chloride occurs, the quantity 
increasing with rise in pH. This release of chloride is
probably effected both by ionisable impurities in the poly­
hydroxy compounds, and by traces of carbonate introduced with, 
or produced from, the alkali used to adjust the pH. As the 
charges on the complexes are calculated from the total 
chloride, corrections have to be applied to allow for this 
chloride desorbed in the absence of germanium. These.are 
shown in table 25a.
Results
Sorptions of germanium, mannitol and chloride from 
solutions containing 26 mg. atoms of germanium/l and 26m. 
moles of mannitol/l at pH values between 4 and 12 are shown 
in table 12a (Ratio 1:1). In table 13 are shown the results
of two experiments with a germanium-mannitol ratio of 1:4 at 
pH values of 6.5 and 11.4. Intermediate pH values were not 
studied as the excess germanium present would have caused a 
heavy sorption of pentagermanate with the consequent difficulty 
of interpretation. At these two ratios, self-condensation of 
germanium is not completely suppressed and resin capacities 
are calculated for a mixture of germanate, complex and chloride, 
the R values for the germanate being taken either from table 22 
or ref. (9)« Results of similar series at germanium 
concentrations of 26 and 35 mg. atoms/l and germanium-mannitol 
mole ratios of 1:5 and 1:30 are shown in tables 14 and 15.
Where corrections for sorption of hydroxyl ion at pH values 
above 12 have been made, the corrections were calculated on 
the basis of data in ref. 9* The data in tables 12, 14 and 
15 are also shown in fig. 10 which gives a graphical picture 
of the changing pattern of ions sorbed as the germanium: mannitol 
ratio rises from 1:1 to 1:5 and 1:30. In these graphs the
chloride is shown as chloride desorbed.
In tables 16 and 17 are shown ion exchange results on 
solutions containing increased amounts of germanium (100 and 
150 mg. atoms/l.) in solutions saturated with mannitol 
(1050m.moles/l), at low pH values.
Glycerol System
Table 18 shows the results obtained from solutions 
containing 26mg. atoms of germanium/l and 135 m.moles of 
glycerol/l (ratio 1:5) at pH values between 5 and 12. These 
results are also shown in fig. 11. The suppression of the 
self condensation of the germanium is even less in this set 
of results than in the 1:1 ratio mannitol experiments. For 
this reason, no experiments at a 1:1 germanium-glycerol 
ratio were attempted. Table 19 contains the results of 
experiments at a germanium coneentration of 35 mg. atoms/l. 
and a germanium glycerol mole ratio of 1:30. These are also 
shown in fig. 11.
Table 20 contains results of experiments with 100 mg. 
atoms of germanium/l. and 1050 m. moles of glycerol/l. at 
low pH values, and table 21, results obtained with 150 mg. 
atoms/l. of germanium, and 2200 m. moles/l. of glycerol. 
Sorptions of germanium from solutions containing 100 mg. 
atoms/l. and no glycerol are shown in table 25.
Table 22 contains results obtained on solutions 
containing 26 mg. atoms of germanium/l. and 135 m. moles of 
ethanediol/l. (is5 mole ratio). Ho sorption of germanium- 
glycol complexes occurred under these conditions, the resin 
containing germanate and chloride only. The R values of the 
germanate sorbed at the various pH values were used in the 
interpretation of those systems in which mixtures of germanate 
and complex were sorbed. Tables 23 and 24 give details of 
results obtained using 35 mg. atoms of germanium/l. and mole 
ratios of ethanediol: germanium of 30:1 and 100:1 respectively. 
Owing to the feeble complexing powers of ethanediol, even 
higher ratios than 100:1 would have been desirable. However 
the blank sorptions of ethanediol at the 100:1 ratio are 
already a major proportion of the total glycol found in the 
resin at equilibrium and it was not thought feasible to obtain 
useful information from any higher ratio systems.
q t n
CJ
LL
21
U i
I—
V)
>-
CO
O
h"
<
'IS
o)
>-
O
«/>
a)
*73
~T3
O
o
*
“3
_n
Vo
to
o
4->
P
c
s
a»_JQ
>-0 to
£
D
C
tS
£
>-
01 
cr
1
RATIO |:
0-5
n- 0-2
o
>
D
<3f
^  o-4 
OS
0-4
0-3
oa
0-(
m
KS>
Ui
- i
O
R A T I O  30:
C-7
LL
21
LU
H
co
>
CO
o
S£
Ui
o
>-
"TS
w
-o
>-0 «/>
01
<0
ns
yo
IE
o
Q>
_ Q
Vo
«/l
o
V
<»)
o
O ’
_D
O
*S)
%
:>
c
Q
£
v
O'
t
z
u_
D
cr
ui
1-0
r
o
t  °-1*<1.
o
0-1
t-O
Ui
-J
O
r
0*5
0*3
0-Z
Germanium concentration 26 mg. atoms/l, Mannitol concentration 
26 m.moles/l (1:1.) Volume of solution used- 75 mis.
0.25g Amberlite IRA 400 -Cl
pH
Species Sorbed (moles or 
per equiv. of resin)
g. atoms Calc. Capacity 
Equiv. per 
Equiv. of resin +Ge Mannitol OH' Cl
3.9 - - -
oi—1 -
6.5 0.615 0.16 - 0.67 0.99
7.4 0.79 Oo 345 - 0.445 0.97
7.6 0.84 0.38 - 0.405 0.96
8.0 0.85 0.46 - 0.34 0,95
8.4 0.85 0.53 - 0.335 0.99
11.0 0.76 0.595 - 0.214 0.99
V£)•i—1l—| 0.765 0.665 - 0.18 1.02
11.85 0.73 0.70 - 0.17 0.93
11.95 0.705 0.655 - 0.15 0.93
12.05 0.69 0. 66 .013 0.17 0.90
+ Capacities are calculated for a mixture of a singly 
charged 1:1 monogeimanic acid - mannitol complex plus 
free germanate (R Values taken from table 20) and 
chloride.
Table 13
Germanium concentration 26 mg. atoms/l, mannitol 
concentration 7m. moles/l (1:4.) Vo lum e o f solution
used, 75 mis.
0.25g Amberlite IRA 400 - 01
pH Species Sorbed (g.atoms or moles/equiv. of resin)
Calc. Capacity 
Equiv. per 
Equiv. of resinG-e Mannitol Cl
+
6.5 0.815
CMO• 0.710
oo
©
1—1
11.4 0.635 0,535 0.348 1.05 or ,9841-
++ Calculated for a mixture of 1:1 and 2:1 monogermanic acid- 
mannitol complexes plus chloride.
+ Repeat foot of table 12a.
TABIE 14
Germanium concentration 26 mg. atoms/l, mannitol concentration 
135 m.moles/l (1:5) Volume of solution used, 75 mis.
0.25g Amberlite IRA 400 - Cl
pH
Species Sorbed (moles or g.atoms 
per equiv. of resin
Calc. Capacity 
Equiv. per 
Equiv. of resinG-e Mannitol Chloride
3.6 0.01 0.025 1.0 1.01
5.3 0.15 0.21 0.86 1.01
5.75 0.25 0.31 0.765 1.01
6.1 0.32 0.37 0.725 1.04
6.6 0.37 0.43 0.66 1.03
8.5 0.405 0.45 0.575 0.98 1.385 +
10.1 0.39 0.54 0.46 0.85 1.24 +
10.6 0.32 0.59 0.43 1.07 +
11.2 0.30 0.59 0.38 0.98 +
11.5 0.29 0.59 0.36 0.94 +
Unstarred capacities are calculated for a mixture of singly
charged 1:1 monogennanic acid-mannitol complex plus chloride. 
+ Starred capacities are calculated for a mixture of doubly 
charged 1:2 monogermanic acid-mannitol complex plus chloride.
TABLE 15
Germanium concentration 35 mg, atoms/l, mannitol concentration 
1050 m.moles/l (1.30) Volume of solution used 85 mis.
Blank sorption of mannitol in absence of Ge = .040 mole/equiv.
of resin 
0.25g Amberlite IRA 400 - Cl
pH
after
Equili­
bration
g. atoms
Species Sorbed 
or moles/equiv. of resjn
Ratio
Mannitol
Charge 
per Ge 
atom
Ge Mannitol 
(net)
Cl*
(corrected)
Ge
6.0 0.190 0.250 0.910 1.32 0.47
7.95 0.160 0.373 0.775 2.33 1.40
9.6 0.188 0.472 0.590 2.51 2.18
10.90 0.212 0.535 0.617 2.53 1.81
11.05 0. 201 0.537 0.596 2.68 2.01
12.05 0.160 0.490 0.642 3.06 2.22
12.25 0.179 0.551 0.610 3.08 2.18
TABLE 16
Germanium Concentration 100 mg. atoms/l, mannitol concentration 
1,050 m.moles/l (lslO) Volume of solution used, 100 mis.
Blank sorption of mannitol in absence of Ge = ,046mole/equiv.
Resin
0.5g Amberlite IRA 400 - Cl
pH
after
Equili­
bration
g. atoms
Species Sorbed 
or moles/equiv. of resin
Ratio 
Mannitol 
~Se on 
resin
Charge 
per Ge 
atom 
sorbedGe Mannitol
(net)
Cl!
(corrected)
1.8+ NIL NIL 1.00 - -
2.1+ NIL NIL 1,00 - -
2.8+ NIL NIL 1.00 - -
3.5 0.032 0.039 1.00 1.22 NIL
3.8 0.195 0.230 0.862 1.18 0.71
4.46 0.222 0.510 0.835 1.40 0.74
5.03 0.232 0.314 0.815 1.36 0.80
6.0 0.223 0.330 0.802 1.48 0*89
+ Hydrochloric acid present
TABLE 17
Germanium concentration 150 mg.atoms/l.
Mannitol concentration 1200 m.mole/l.
0.5g Amberlite IRA 400 - Cl
Blank sorption of mannitol in absence of 
G-e = 0.040 moles/Equiv. of Resin
PH
+
Species Sorbed Ratio
Mannitol
Ge
Charge 
per Ge 
atomGe Mannitol
(net)
Cl*
(corrected)
2.65 0.109 0.107 0.985 0.98 0.14
2.77 0.126 0.132 0.967 1.05 0.26
3.06 0.180 0.162 0.925 0.90 0.42
3.28 0.218 0.236 0.910 1.08 0.41
3.50 0.239 0.261 0.878 1.09 0.51
3.75 0.268 0.299 0.850 1.11 0.56
4.0 0.296 0.346 0.817 1.17 0.62
4.7 0.337 0.453 0.765 1.34 0.70
5.2 0.318 0.437 0.768 1.38 0.73
6.0 0.317 0.428 0.755 1.37 0.73
8.2 0.288 0.466 0.688 1.62 1.08
8.4 0.292 0.460 0.715 1.58 0.98
+ The pH of the system in absence of added alkali was 2*50.
TABLE 18
Germanium concentration 26 mg. atoms/l, glycerol concentration
135 m.moles/l (1:5)
0.25g Amberlite IRA 400-C1
pH
Species Sorbed 
g. atoms or moles/equiv. of resin
Calc. Capacity 
Equiv. per 
Equiv. of ResinGe Glycerol Cl1 OH
5.5 - - 1.0 -
7.0 1.27 0.04 0.565 - 1.01 +
C\J•00 1.56 0.04 0.42 - 0.98 +
8.9 1.33 0.04 0.48 - 0.99 +
9.5 0.82 0.09 0.56 - 1.02
9.85 0.30 0.17 0.585 - 0.98
10.6 0.20 0.195 0.595 - 0.99
11.25 0.20 0.21 0.615 - 1.02
11.5 0.20 0.205 0.57 - 0.97
11.75 0,215 0.18 0.58 - 1.01
12.0 0.2.15 0.20 0.55 0.027 1.00
12.1 0,23 0.18 0.53 0.054 1.04
12.2 0.22 0.18 0.53 a. os 1.05
12.3 0.215 0.185 0.52 0.09 1.04
0Hf sorptions were calculated from data in Ref. 9
+ These capacities calculated for chloride and free germanate 
only, others calculated for a mixture of chloride, hydroxyl, 
free germanate and a doubly charged lsl monogermanic acid 
glycerol complex.
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TABLE 19
Germanium concentration 35 mg. atoms/l, glycerol concentration
1050 m.moles/l (l:30)
Volume of solution used, 80 mis.
0.25 g Amberlite IRA 400 - Cl 
Blank sorption of glycerol in absence of Ge = .083 moles/equiv.
of resin
pH
after
Equili­
bration
g.ato
Ge
Species S 
ms or mole 
resi 
Glycerol 
(net)
orbed
s/equiv# of 
n
Cl*
(corrected)
Ratio 
net Glycerol 
Ge~on 
resin
Charge 
per Ge 
atom
7.2 0.190 0.260 0.840 1.37 0.84
7-9 0.178 0.255 0.770 1.44 1.29
8.3 0.167 0.260 0.792 1.56 1.25
10.75 0.172 0.340 0.715 2.00 1.66
12.2 0.173 0.483 0.770 2.78 1.33
12.8 0.178 0.423 0.720 2.40 1.57
TABLE 20
Germanium concentration 100 mg. atoms/l, glycerol concentration
1050 m.moles/l 
Volume of solution used - 100 mis.
0.5g Amberlite IRA 4-00 - 01 
Blank sorption of glycerol in absence of Ge =
.085 moles/equiv. resin
pH
after
Equili­
bration
Species Sorbed 
g. atoms or moles/equiv. 
of resin Ratio 
net Glycerol
tan W M
R Value 
of sorbed 
GermanateGe
Glycerol
(net)
01 * 
(corrected)
2.6 Nil Nil 1.00 - -
5.6 Nil Nil 1.00 - -
4.2 0.629 Nil 0.89 - 5.7
4.6 0.985 Nil 0.825 - 5.6
4.9 1.285 0.030 0.665 -
CO•K\
5.6 1.780 0.050 0.4-73 - 3.8
6.8 1.720 0.055 0.440 - 3.1
7.2 1.670 0.080 0,432 - 2.95
8.0 0.216 0.215 0.835 1.0 1.3s
CD . ro 0.261 0.540 0.770 1.3 1.1a
x Charge per germanium 0*77 and 0*91 at pH8.0 and 8*2 
respectively.
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TABLE 21
Germanium concentration 150 mg. atoms/l. 
Glycerol concentration 2200 m. moles/l. 
0.5g Amberlite IRA 400-C1 
Volume of solution - 100 mis.
Blank sorption of glycerol in absence of Ge = 
0.100 moles/Equiv. of resin
pH
Species Sorbed 
moles or g. atoms/ 
Equiv. of resin Ratio R Value 
of sorbed 
GermaniumGe Glycerol
(net)
Cl1
(corrected)
Ge
3.7 0.609 Nil 0.895 - 5.8
4.0 0.995 Nil 0.755 - 4.1
4.4 1.540 0.04 0.620 - 4.1
4.8 1.905 0.04 0.493 - 3.8
5.5 2.610 0.09 0.284 - 3.7
6 • 5 1.530 0.17 0.522 0.11 2.9
6 ,9 0.752 0.250 0.643 0.30 2.1 z
7.3 0.251 0.274 0.832 1.09 1.5 2E
h Charge per germanium 0.48 and 0.67 at pH 6.9 and 7*3 
respectively.
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TABID 22
Germanium concentration 26 mg. atoms/l, ethanediol 
concentration 135 m. moles/l.
(1:5)
Volume of solution used, 75 mis. 
0.25g Amberlite IEA 400 - Cl
pH
Species Sorbed 
g. atoms or moles/equiv. 
of resin R. Value 
of sorhed 
Germanium
Ge Ethanediol Cl*
3.95 - - 1.00 -
6.1 0.67 - 0.7& 2.8
6.95 1.23 - 0.56 2.8
8.2 1.79 - 0.365 2.8
8.8 1,88 - 0.32 2.75
9.5 1.78 - 0.32 2.6
9.8 1.53 - 0.35 2.35
10.1 1.32 - 0,37 2.1
10.85 0.56 - 0.50 1.1
11.4 0.33 - 0.46 0.61
12.04 0.28 0.43 0.49
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TABLE 23
Germanium Concentration 100 mg. atoms/l 
0.25 g. Amberlite IRA 400-C1 
Volume of Solution ~ 100 mis
'
pH
" " " ■ .......  ........................... .............. .. ""1
Species Sorbed j
moles or g. atoms/Equiv.
Ge 1 ci
I
3.2 NIL j 1 . 0 0
3.6 NIL 1 1.00
i
4.0 + 0.11 1.00
5.0 + 0.05
oo
•H
+ 100 mg, atoms/l is a supersaturated solution
of GeO^ in. water, and traces of "frost” were 
present on the flasks after two weeks. The 
apparent sorption of a trace of germanium without 
desorption of chloride is almost certainly due to 
a thin coat of precipitated GeO^ on the resin beads.
TABLE 23a
Chloride corrections for concentrated polyhydroxy solutions
0.5g. Amberlite IRA 400 - 01
pH
Chloride desorbed 
Moles/Equiv. of 
Resin = A
Correction Factor 
for Observed 
chlorides +
5.0 0o065 x 1.07
4.2 0.07 1.077
6.1 0.075 1.08
7.9 0.080 1.087
9<> 6 0.110 1.124
10.2 0.157 1.16
10.7 0.175 1.21
11.2 0.222 1® 29
11.7 0.501 1.45
12.0 0.558 1.56
12.5 0.452 1.82
+ The correction factor = JLa on assamP^aon
ratio of chloride desorbed by impurities/chloride retained 
by the resin will be unaltered in the actual experiments.
Discussion
Maonitol System
In the series of experiments at the germaniums mannitol 
ratio of 1:5 (table 13) the resin capacity below pH 8 can be 
satisfactorily accounted for in terms of sorption of a singly 
charged 1:1 monogermanic acid-mannitol complex together with 
chloride, no free germanate being sorbed. Above pH 10.6 the 
capacity of the resin can be quantitatively accounted for in 
terms of the sorption of a doubly charged Is2 monogermanic 
acid-mannitol complex plus chloride, again no free germanate 
being sorbed. Between pH 8 and 10.6 a mixture of lsl and 1:2 
complexes is sorbed. It is evident that in these solutions 
mannitol complexes so strongly with the germanium that the 
normal condensation reactions of germanic acid are completely 
suppressed and no free mono, pent a- or heptagermanate ions 
remain in solution. Close inspection of the results below 
pH 8 shows that the mannitol sorptions are slightly but 
significantly higher than the germanium sorptions. This 
cannot be accounted for as non-complexed mannitol invading 
the resin phase as such invasion is negligible at the 
concentration of mannitol used. It is evident that small 
quantities of a singly charged 1:2 monogermanic acid-mannitol 
complex are sorbed together with the much larger quantity of
1:1 complex.
In the series containing a 1:1 solution ratio of 
germanium and mannitol, (table 12a) the high germanium 
sorptions relative to both the sorption of mannitol, and the 
desorption of chloride, shov/ that self-condensation of the 
germanic acid has not been completely suppressed. The resin 
capacity in the experiments betweei pH 4 and 11.6 can be 
accounted for quantitatively by assuming sorption of a mixture 
of singly charged 1:1 complex, chloride and free germanate, 
the R values for the free germanate being taken from table 22. 
Between pH 11.6 and 12.05 the calculated capacity is well 
below the known capacity of the resin. This discrepancy may 
be possibly explained on the assumption that the 1:1 complex 
is in the process of ionising a further hydrogen atom and 
becoming doubly charged, at these high pH values.
Examination of the two results at a germanic acid 
mannitol ratio of 4:1 shows that sorption of complex at pH 
6.5 is negligible and the resin capacity is fully accounted 
for in terms of sorption of germanate. At pH 11.4 the whole 
of the mannitol in the system is present in the resin phase 
and the fit with the resin capacity (1.05) is not as good as 
the experiments at comparable pH values in the 1:1 ratio 
series. A somewhat better fit (0.98) is obtained by assuming
that the germanium surplus to the requirements of a 1:1 complex 
is present on the resin not as free germanate hut as part of 
a 2 germanium-1 mannitol complex carrying two charges. On 
this basis, l/5th of the mannitol on the resin is present in 
the 2:1 form. There is no great weight in this evidence for 
a 2 germanium-1 mannitol complex which at most can only exist 
in small quantities in solution containing a large excess of 
germanium.
In the series of results at a germanium-mannitol ratio 
of 1:30 (Table 15) the ratio of mannitol/germanium in the 
sorbed complexes rises continuously from 1.35 to 3*08. It 
is of interest that at this high solution ratio of mannitol/ 
germanium and at high pH, the maximum. theoretical number of 
mannitols that can be grouped octahedrally around one 
germanium atom (three), is attainable. The charge on this 
3:1 complex is two, within the experimental error of the 
method. The charge on the complexes sorbed remains two down 
to pH 8, #ien the charge falls to 1.4 at a mannitol: germanium 
ratio of 2.33. This indicates that one or both of the 2:1 
and 3:1 complexes exist in the univalent state at this lower 
pH.
Of particular interest in this series of results is the 
one at pH 6.0. In this experiment the charge on the germanium
falls below unity while the mannitol - germanium ratio remains 
above one. It is not possible to explain this result by 
assuming sorption of a singly charged 3:1 mannitol/germanium 
complex plus free poly germanate, in any case the presence of 
free germanate is most improbable in such a large excess of 
mannitol. The only explanation that fits is that poly- 
nuclear mannitol: germanium species of low charge are being 
sorbed. An approx. fit with the resin data can be made by 
postulating sorption of a 4:3 mannitol; germanium complex 
carrying a charge of two.
Comparison of the germanium and mannitol sorptions shown 
in tables 12a, 14 and 15, or more significantly, the chloride 
desorbed in these systems (fig. 10) shows that less complex 
is being sorbed by the resin from solutions containing the 
higher coneentrations of mannitol. As the sorptions In 
table 15 indicate that a 3:1 mannitol/germanium complex is 
sorbed by I H A 400-C1, this can hardly be due to ion- 
sieving. A more likely explanation Is that as the 
concentration of mannitol is Increased, a proportion of the 
complexes occur in uncharged states thus reducing the effective 
concentration of ionised complex in solution.
The existence of polynuclear complexes in the low pH 
region is confirmed by the results shown in tables 16 and 17,
using larger amounts of germanium. In table 16, at the 
three highest pH values (6.0, 5.0, 4.46), the mean ratio of 
mannitol/germanium is 1.4, and the charge per germanium is 
0.8. This suggests sorption of polynuclear species such as 
3s? and 4:3 mannitol-germanium complexes carrying less than 
unit charge per germanium atom. .Below pH 3-5 the sorption 
of germanium and mannitol falls to zero.
In table 17 are shown results obtained with solutions 
containing the highest concentrations of mannitol and 
germanium that could be prepared at pH 2.5 (1200 in. moles/l 
and 150 mg. atoms/l respectively). In this series of results, 
the increasingly polynuclear nature of the species sorbed as 
the pH is lowered is clearly demonstrated by the steady 
reduction in the charge per germanium from 0.98 at pH 8.4 to 
0.14 at pH 2.65. It is also of significance that as the 
charge per germanium atom decreases, the ratio of mannitol: 
germanium decreases to unity. This is exactly the behaviour 
one would expect from a series of polymers of increasing chain 
length, whose ionisation is being suppressed by lowering the 
pH. The structures of these polynuclear species are discussed 
in App. II.
Glycerol System
The results in table 18 and fig. 11 for the solution 
containing a germanium-glycerol ratio of 1:5 show that little
complexing occurs below p'H9. The quantities of glycerol 
sorbed are very low and the germanium sorptions very high.
The resin capacities can be fully accounted for in terms of 
sorption of germanate and chloride, the R values for the 
germanate being taken from table 22. Above pH9 the sorption 
of glycerol rises, and the sorption of germanium falls off 
relatively more quickly than the similar system with ethanediol 
(table 22), or without polyhvdroxy compounds present (9). It 
appears that the presence of glycerol advances the depolymerisa­
tion of the polygermanates by complex formation. Above pH 
10o6 the capacity of the resin can be accounted for to within 
5$ by assuming the sorption of a doubly charged 1:1 monogermanic 
acid-glycerol complex plus chloride and free germanate. The 
similarity between the quantities of geimanium and glycerol 
sorbed however shows that the quantity of free germanate 
sorbed is very small. Comparison of this system with the 
1:5 mannitol results shows clearly the superior complexing 
ability of mannitol over glycerol.
The series of results at a germanium-glycerol ratio of 
1:30 (table 19) resembles the comparable mannitol system 
rather more closely. Self condensation of germanate has 
been completely suppressed and the ratio of glycerol to 
germanium on the resin rises from 1.4 to 2.8 as the pH
changes from 7.2 to 12.2. The result at pH 12.2 suggests 
considerable sorption of a 1:3 germanic acid-glycerol complex, 
and it would seem that as in the mannitol system, increasing 
the concentration of polyhydroxy compound causes successive 
formation of 1:1, 1:2 and 1:3 complexes. The charges on the 
complexes in which the glycerols germanium ratio rises above 
two are all considerably below two. This may indicate some 
difficulty in fully ionising the 1:2 and 1:3 complexes, or 
alternatively, some error in calculating the charge from the 
corrected chloride figures.
The germanium sorptions are all low, and at pH 10 - 12, 
the corrections to the chloride figures to allow for chloride 
desorbed by the solution become appreciable.
The result at pH 7.2 is similar to the result at the 
lowest pH in the 1:30 mannitol series in that the charge on 
the germanium drops below 1. As with the corresponding 
mannitol result, this result cannot be explained by assuming 
sorption of any simple glycerol complex and free germanate.
The simplest polynuclear species approximately satisfying 
the data would be a 3:4 germanic acid-glycerol complex 
carrying a mixture of three and four charges.
In the experiments with the increased amount of 
germanium (table 20), only the results at pH 8.2 and 8.0
indicate polynuclear complex formation. At pH values below 
8.0, sorption of glycerol falls to zero and the resin contains 
only chloride, and germanates of high R value. This 
difference in the behaviour of mannitol and glycerol probably 
arises from the fact that glycerol possesses insufficient 
hydroxyl groups to chelate two germanium atoms simultaneously. 
Thus in any polynuclear species formed, the germanium atoms 
are linked directly via oxygen atoms and not through the 
polyhydroxy compound.
The germanate sorptions show two features of interest.
Hot only do the R values rise considerably above those found 
in the germanate system in the absence of polyhydroxy compounds, 
but the sorptions also occur at pH values below the threshhold 
values for normal germanates (9,77, table 25). The explana­
tion of these two facts would seem to lie in the formation of 
polynuclear species in which the germanium atoms are linked 
directly through oxygen. Such species, carrying a few 
residual glycerol molecules, would be protected against 
complete polymerisation to C-eOg* but in contact with ion- 
exchange resin could release the glycerol residues and remain 
sorbed as atypical germanates during the course of the 
experiment. In this connection, it has been found by Munro 
and Alves (81) that the rate of polymerisation of silicic acid
above pH 8 is considerably reduced by the addition of glycerol.
In table 21 are shown results obtained with higher
concentrations of both germanium and glycerol. As with the
previous results, polynuclear species containing both glycerol
and germanium occur only at the higher pH values (pH 7.3 and
6.9). The highest R value obtained, 5.8, is very close to
the two highest figures shown in table 19, (5.7, 5.6) and it
is possible that this R value corresponds to a discrete
germanate species, i.e. G-er or Hen^b 11
Bthanediol System
Table 22 shows the results obtained on solutions 
containing a germanium-ethanediol ratio of 1?5. Sorptions 
of ethanediol are negligible at all pH values, and the system 
closely resembles that found by Everest and Salmon in the 
absence of ethanediol. The R values for the germanate 
sorbed at pH 6-8 are slightly higher than those found by 
Everest and Salmon even in the presence of added chloride,
(9) which raised the R value of sorbed germanium from 2.0 to 
20 6. It would appear that the ethanediol inhibits sorption 
of low R values germanate (e.g. monogermanate) somewhat more 
effectively than chloride.
Results from the series containing a germanium: ethanediol 
ratio of 1:30 (table 23) show that ethanediol does in fact 
complex with germanium under extreme conditions. The results 
between pH 11.3 and 12.5 show that 1:1 and 1:2 germanium- 
ethanediol complexes exist. It is doubtful how much weight 
should be given to the charges shown for these complexes.
The results suggest a charge of two for both species. As 
with the glycerol results however, the germanium sorptions 
are very low and appreciable corrections are included in the 
quoted chloride figures, both of which tend to decrease the 
accuracy of the calculated charge. At the two lowest pH 
values, only germanate and chloride are sorbed, the 
decomposition of the glycol complexes evidently occurring 
at higher pH values than in the corresponding glycerol system.
In table 24 are shown results obtained with an 
ethanediol: germanium solution ratio of 100si. As with 
the previous table, complexing occurs as the 1:1 and 2:1 
ethanediol: germanium compounds carrying one or two charges 
per germanium atom. Breakdown to germanate occurs at a 
lower pH in this system as compared with the 30:1 solution 
ratio experiments. The highest R values obtained are 
similar to those obtained in the absence of glycol, and rt 
would seem that ethanediol cannot complex strongly enough 
with germanium to prevent the formation of normal germanates 
as the pH is lowered.
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Conclusion
It has been shown that glycerol and mannitol form 1:1, 
1:2 and 1:3 germaniums glycerol and germaniums mannitol 
complexes, the degree of complexing increasing with increasing 
concentration of polyhydroxy compound, and rise in pH. 
Ethanediol complexes much less strongly, and it has only been 
possible to demonstrate the existence of-1:1 and 1:2 complexes 
in solutions containing up to 20^ w/w of ethanediol. It is 
possible that a 1:3 complex exists in even higher concentra­
tions of ethanediol, but these concentrations are above the 
usable range of the technique employed.
In the mannitol system, at high concentrations of both 
germanium and mannitol, polynuclear species are formed at low 
pH values. These polymers appear to consist of alternate 
germanium atoms and mannitol molecules, the ratio of mannitol: 
germanium and the charge per germanium decreasing as the pH 
'is lowered. Under similar conditions in the glycerol system, 
polynuclear species containing glycerol are restricted to pH 
values close to 7. At lower pH values, only germanates are 
sorbed, these germanates being atypical both in the high R 
values shown, and in the low pH range over which they occur. 
The atypical nature of these germanates is thought to be due 
to the germanium condensing to form polygermanates while it
is partly protected by glycerol molecules, thus favouring the 
formation of linear chains in preference to the more usual 
penta- and. liepta- germanates which have a globular structure.
There are also two general conclusions that may also be 
drawn from the work described above. Firstly, the ionic 
species found in concentrated solutions of metals and 
ligands, may be very different from those occurring in 
dilute solutions. Many complex systems have only been 
thoroughly studied in dilute solution, and would repay further 
investigation at high concentrations. Secondly, if 
precautions are taken to allow for non-exchange sorption, 
and desorption of ions by impurities in reagents, the ion- 
exchange batch technique is a useful method of investigating 
such high concentration systems.
ION EXCHANGE STUDIES Off SOLUTIONS CONTAINING 
GERMAinUM AMD HYDROXY-ACIDS
Historical Survey, and Scope of Present Work
Compounds with two adjacent hydroxyl or carboxyl groups 
have been shown to complex strongly with germanium (42, 56). 
Compounds containing only carboxyl groups complex strongly at 
pH values below 7 and break down in alkaline solution, whereas 
dihydroxy compounds complex onljr slightly in acid solution., 
and most strongly at high pH values. Compounds possessing 
adjacent hydroxyl and carboxyl groups would be expected both 
to complex with germanium and show behaviour intermediate 
between the first two classes of ligand mentioned.
There are a very large number of compounds falling into 
the hydroxy-acid category. They may be conveniently divided 
into two main groups ; simple cA - hydroxy acids containing 
the minimum number of groups required to effect complex 
formation, e.g. glycollic, lactic, -hydroxy butyric and
mandelic acids, and compounds containing more than the minimum 
number of adjacent groups such as malic, gLyceric, tartaric, 
gluconic and mucic acids.
Complexes formed with germanium by acids from both 
groups have been made the subject of recent study by a 
number of workers. Vartapetian and Tchakarian (64)> and 
Vartapetian (65) concluded that tartaric acid forms only a
1:1 complex, this complex breaking down between pH 6 and 10.
It was also concluded that lactic acid forms only a 2si acid- 
metal complex with germanium and mandelic acid only a 3:1 
complex. The methods used included measurements of 
conductivity, optical activity and pH.
The tartaric acid system has also been investigated by 
Mattock (66) using pH titration, polarimetry and polarography. 
He found strong evidence for the Isl complex and evidence 
which was considered to indicate the presence of a higher 
and lower complex of tartrate and germanium, possibly the 
2:1 and 1:2 compounds. The tartaric and mandelic acid 
systems have also been examined by Pflugmacher and Rohrman 
(67) using pH and conductivity measurements. They found only 
a 1:1 complex in the tartaric acid system and disagreed with 
Vartapetianfs findings concerning mandelic acid, which they 
reported as forming a 2:1 acid-metal complex. This complex 
was also isolated as a neutral, crystalline solid*
Clark and Waddams (68) and Clark (69) have made a wide, 
but somewhat superficial, survey of 24 hydroxy acids using pH 
titration, conductimetry, and polarimetry and have suggested 
combining ratios for the acid-metal complexes under the 
conditions they used. Clark also isolated three complex 
acids (Mandelic, Benzilic and hydroxy-caproic) as crystalline
compounds containing an acid-met ad ratio of 2:1.
There are a number of unsatisfactory features about all 
the previous work on complexes between germanium and the 
hydroxy acids. Only a limited range of physico-chemical 
techniques has been employed, supplemented by the occasional 
separation of a crystalline solid. In addition, all the 
results have been obtained on comparatively dilute solutions 
of germanium, with low solution ratios of acid : germanium 
or germanium ; acid. The scope of the present work therefore, 
is to apply a completely different technique (ion exchange), 
to the exhaustive study of' a small number of typical hydroxy 
acids. The acids selected were lactic, tartaric and mucic.
Experj mental
Solutions
For all the experiments in which the quantity of 
germanium used was 3 or 4- mg. atoms in 75 or 100 mis., or 
in which the germanium concentration was below 40 mg. 
atoms/litre a stock solution was prepared by dissolving 
10*4g germanium dioxide in 2.51*of boiled out distilled water. 
In all other experiments at higher germanium concentrations the 
theoretical quantity of germanium dioxide was dissolved in 
distilled water containing the calculated quantity of hydroxy 
acid by gentle boiling, any loss of volume being restored as 
necessary by the addition of boiled out distilled water. In 
some cases, particularly those containing excess of germanium, 
several hours boiling was required to produce a homogeneous, 
optically clear solution. The actual quantities and 
concentrations of germanium and hydroxy acid used are 
indicated at the head of each table of results.
Analytical reagent d-tartaric, d-1 lactic and mucic 
acids were employed, the required quantities being individually 
added to each experiment by weight (tartaric, mucic) or volume 
(lactic). It is well known that lactic acid contains small 
quantities of its self-condensation products, lactyl-lactic 
acid and lactide. Of these, lactide contains no ionisable
or complexing groups and therefore has no effect either on 
the reaction with germanium or the composition of the resin 
phase. Lactyl-lactio acid, while not complexing with 
germanium (owing to the absence of cis-complexing groups) has 
one ionisable carboxyl group and would show an R value of 2 
when sorbed on to IRA - 400. Boiling the diluted lactic 
acid has the effect of decomposing all but traces of these 
self-condensation products (65), and eluting IRA - 400 - Cl 
with neutralised, boiled acid enables IRA 400 - lactate to be 
obtained which is free from lactyl-lactate.
Having established the possibility of producing pure 
lactate solution, and pure lactate resin, it was somewhat 
disconcerting to find that contact between the resin and a 
solution containing free lactic acid stimulated the formation 
of lactyl-lactic acid owing to the catalytic effect of the 
ion-exchange resin. Coupled with the superior affinity of 
the lactyl-lactate ion for the resin as compared with simple 
lactate, this leads to R values for uncomplexed lactate as 
high as 1.5 at low pH. These R values also tend to be 
variable unless complete equilibrium has been reached between 
resin and solution.
The procedure finally selected was as follows.
Solution and resin were prepared initially free from
lactyl-lactic acido Blank experiments to determine the R 
value of the uncomplexed acid were performed simultaneously. 
In order to minimise the importance of the R value for the 
free lactate, experiments were devised to ensure that the 
resin was largely occupied by complex, or complex plus 
chloride. Under these conditions a slight uncertainty in 
the R value for free lactate has practically no effect on 
the calculation of resin capacities.
Resins
Amberlite IRA 400 was used for the bulk of the 
experiments, in the chloride, tartrate, lactate or mucate 
form. The only series in which IRA-400 was not used were 
the ion sieve experiments, in which were employed eight 
resins of the De-Acidite-TRtype, of various water regains. 
These resins were used in the chloride form, and had the 
following capacities and water regains.
Water
Regain
g/g
o •
! 
O'*
I 
o 0.70 0.91 1.04 1.3 1.82 2.33 4.9
Capacity
MEQ/g 3.10 3.26 3.02 2.41 3.23 2.34
-i
3.65
-------
3.64
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In some of the preliminary experiments the tartrate, 
lactate and mucate forms of IRA 400 were prepared by treating 
IRA 400 - OH with a large excess of free acid followed by 
washing with distilled water to remove the excess. This was 
not found to be satisfactory however as the ionic form of 
the resin (i.e. tartrate or bitartrate) was left in some 
doubt. The method finally selected was to start with the 
chloride foun of the resin and elute with a neutral solution 
of the sodium salt of the acid until no chloride could be 
detected in the eluate. Entrained salt was removed with 
the minimum quantity of de-ionised water (approx. 2 bed vols*), 
and the resin air-dried for 2 days at 25°0 before use. This 
method of preparation ensures that the full resin capacity is 
occupied by e.g. tartrate ion in the doubly charged form, or 
lactate free from lactide.
Equilibration of Solutions
All solutions were equilibrated for at least 14 days 
with regular shaking, the only exceptions being two ion 
sieve experiments with the 0.6 water regain resin for which 
the contact time was limited to 24 hours shaking in order to 
enhance any ion sieve effect.
Analytical Methods
Germanium and chloride were determined as described in
Part II.
Lactate
This was determined by oxidation to carbon dioxide and 
acetic acid, in a stoppered flask, using acidified potassium
permanganate, CH^-CHOH-COOH + 20  ^CH^-COOH + C02# The
exact experimental details are as follows?- An aliquot 
containing not more than 0.5 m. mole of lactate is placed 
in a stoppered 250 ml. flask (iodine value flasks with a 
raised lip are best), together with 20 mis. sulphuric acid 
(3H) and 25 mis. potassium permanganate solution (0.15N 
approx.). The stopper is sealed with water and the flask 
is maintained at approx. 25°0 for 1 hour. The stopper is 
then lifted and 15 mis. of potassium iodide solution (10$) 
are allowed to run into the flask. After washing down the 
walls of the flask with distilled water the liberated iodine 
is titrated with sodium thiosulphate solution (0.15 U) using 
starch indicator. A blank determination on the permanganate 
solution is performed simultaneously. Recoveries of lactate 
from known amounts of A 0R, Lithium Lactate range from 99-0 - 
99»5$. Chloride in small amounts does not interfere as any 
chlorine produced by reaction with the permanganate remains 
in the flask, and is trapped by the potassium iodide solution, 
thus producing a back-titration identical with that obtained 
in the absence of chloride.
Tartrate.
This was determined using a modification of the 
periodate determination for glycols described in Part IV. 
Attempts to use the periodate reaction to determine tartrate 
date back to Malaprade (70) who first discovered the reaction 
between periodates and CL -dihydroxy compounds. Malaprade's 
method was to react neutral tartrate with a salt of dimeso- 
periodic acid, and titrate the alkali produced during the 
reactions involved in the splitting of the two adjacent 
hydroxy groups. This method has the advantage that any 
further oxidation of the initially produced glyoxylic acid 
does not produce alkali, so that over-oxidation of the primary 
reaction products introduces no error into the determination. 
There are a number of drawbacks to Malaprade's method which 
have not led to its wide adoption. Only one mole of alkali 
is produced for each mole of tartrate i.e. the factor is 
small. Secondly, dimeso-periodates are not readily available 
in analytical reagent quality.
Attempts to use the standard procedure for determining 
glycols with metaperiodates meet with the following 
difficulties. In acid solutions, suppression of ionisation 
of the two carboxyl groups deactivates the two OH groups to 
an extent which virtually inhibits reaction with periodic
acid. In any reaction which produces glyoxylic acid as a 
first product, oxidation does not stop at the stoichiometric 
limit for splitting of the two OH groups. Under extreme 
conditions (many hours at elevated temperature) oxidation 
eventually leads to the complete conversion of the tartrate 
into carbon dioxide and formic acid (7l)« A further 
complication is that the presence of any metal that forms a 
stable complex with tartrate also inhibits the reaction with 
periodate.
The above, somewhat formidable catalogue of difficulties 
may be overcome as follows:-
1. Buffering at pH 8-8.5 (Ua^HPO^) produces a solution 
in which inhibition by the carboxyl groups is zero. At 
this pH the germanium-tartrate complexes are sufficiently 
dissociated for the presence of germanium to have only a 
slowing, and not an inhibiting, effect on the reaction.
This pH is also within the usable range of the metaperiodate 
reagent•
2. The over-oxidation of the glyoxylic acid is directly 
proportional to the residual periodate left after the initial 
splitting reaction is finished. If this is kept to the 
minimum, over-oxidation is reduced.
3. The over-oxidation reaction is more sensitive to
the temperature of the solution than the initial splitting 
reaction so that performing the determination at 0°C also 
assists in limiting the consumption of periodate to the 
stoichiometric amount. The details of the method finally 
used are as follows
An aliquot containing, ideally, 0,5 m. mole of tartrate 
in 100 mis. is neutralised to bromothymol blue indicator.
0,5 g of disodium hydrogen phosphate is added and the solution 
cooled to 0°0 together with the periodate reagent (0.25N 
UalO^). 25 mis of the reagent are then added and allowed 
to react for exactly 30 minutes. l-2g potassium iodide 
and 10 mis. sulphuric acid (3N) are added and the liberated 
iodine titrated with sodium thiosulphate solution (0.15N).
A blank estimation is performed simultaneously on the 
periodate reagent.
The result in stoichiometric for the determination of
0.5 m.mole of tartrate in the presence of an equal quantity 
of germanium. To cover those cases in which it was not 
possible to take an aliquot of this composition, a series of 
determinations was carried out on known amounts of tartrate, 
above and below 0.5 mm, in the presence of differing amounts 
of germanium, and the $ recovery recorded for each case.
In this way a "grid" of results was set up which enabled a
correction factor to be applied to results containing varying 
amounts of tartrate and germanium, These correction factors 
varied from 0.97 to 1.05 for all except very small amounts 
of tartrate which were overestimated by approx. 10$. The 
accuracy of the corrected results is probably + 0.5$ where 
the correction factor used is 0.97-1.03 and + 1$ elsewhere.
Mucate
This was determined as for tartrate except that the 
quantity of mucic acid in the aliquot was approx. 0,2 m.mole, 
and the time of reaction was one hour. In the oxidation of 
mucic acid, two thirds of the oxygen consumed is involved in 
the production of formic acid, and only one third in the 
production of glyoxylic acid. for this reason no correction 
factors are necessary except for very small amounts of rnucate 
ion.
R Values and Blanks for various Systems
Tartaric and mucic acids being dibasic, the R values 
(moles of acid occupying one equivalent of resin) vary with 
both concentration and pH, due to the varying degree of 
dissociation of the two carboxyl groups. As the R values 
of the free acids are required before many of the results 
can be evaluated, these were determined for several 
concentrations and pH ranges so that the appropriate value
was available.
In systems containing high concentrations of organic 
acids at low pH values, a high proportion of the acid may be 
in the unionised state. This unionised acid will tend to 
invade the resin due to non-exclusion by the Honnan membrane 
effect. This non-exchange acid may be allowed for by 
carrying out suitable blank: experiments in the absence of 
metal. In determining these blank values, it is essential 
to rigidly standardise the flushing procedure, and use a 
relatively large size bead resin (i.e. 20-30 mesh), to 
facilitate rapid washing. It is advisable to determine a 
new blank on each fresh batch of resin.
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Results and Discussion
1 . Tartrate System
Table 26 contains results of experiments with 26 mg, 
atoms/l of germanium and 75 m. moles/l. of tartrate. Between 
pH 0.78 and 9? the resin capacity may be quantitatively 
accounted for in terms of sorption of a univalent lsl germanic 
acid-tartrate complex together with free tartrate. At pH 
0.78 and 1.24? the presence of hydrochloric acid inhibits 
sorption of free tartrate, the resin not occupied by complex 
being occupied by chloride. Above pH 11, the lsl complex 
is completely dissociated, the resin capacity being fully 
accounted for in terms of free germanate and free tartrate. 
Between pH 9 and 11 a mixture of germanate, tartrate and lsl 
complex is sorbed by the resin. This picture of a 
predominant lsl complex in dilute solutions of germanium 
and tartrate agrees well with the conclusions reached by 
previous workers (64-67). The breakdown of the complex 
between pH 9 and 11 also agrees with the conclusions of 
Yartapetian (65).
There is one discrepant result in table 26. At the 
natural pH of the system (pH 1.8).the quantity of germanium 
sorbed is such that the resin capacity cannot be accounted
for in terms of a lsl complex plus free tartrate. If the 
germanium is assumed to be monovalent, and sufficient free 
tartrate to account for the remainder of the resin capacity 
is deducted from the total tartrate, then the ratio of 
tartrate/germanium in the resin occupied by complex is 0,8si. 
It is evident that at this pH at least some of the ions 
entering the resin contains more germanium than the simple 
lsl complex. The atypical nature of results at the natural 
pH of germanic acid-carboxyl acid systems is also.noticeable 
in the oxalate system investigated by Everest (42), and in 
tables 25, 34 and 35.
This atypical nature of the ions sorbed at the natural 
pH of the systems is thought to be due mainly to lack of 
effective competition for the resin sites. At the natural 
pH, the degree of ionisation of the uncomplexed acid is low 
and mineral acid is absent. The lack of competition thus 
leads to the sorption of complex ions that have less affinity 
for the resin than those sorbed at other pH values, or 
alternatively, that are only present as minor constituents of 
the system under investigation.
In table 27 are given results obtained with 40 mg. 
atoms/l of germanium and a 10:1 ratio of tartrate/germanium 
in solution. The ratio of tartrate; germanic acid in the
complex sorbed is in excess of lsl for all pH values studied. 
This ratio is a maximum at pH 2-3, where the calculated resin 
capacity is a reasonable fit for the sorption of a 3s2 
tartrate germanic acid complex. At the higher pH values the 
agreement between actual and calculated resin capacities is 
better for sorption of the 1:1 than a 3*2 complex and it is 
evident that the higher complex decomposes into the lsl 
complex as the pH is raised.
In table 28 are given the results of experiments with 
3 mg. atoms of germanium and increasing amounts of tartaric 
acid, the highest ratio of tartrates germanium being 150si.
The result with equal quantities of tartrate and germanium 
is anomalous in the same way as the result at pH 1.8 in 
table 26. If allowance is made for the free tartrate 
required to account for the full resin capacity, the ratio 
of tart rat e/germanic acid in the complex is 0.85. Between 
tartrate-germanium solution ratios of 2:1 and 5si the resin 
capacity is accounted for in terms of sorption of a lsl 
complex plus free tartrate. Between tartrate; germanium 
solution ratios of 15 si and 100 si the resin capacity is 
accounted for in terms of sorption of a 3s2 tartrate-germanium 
complex plus free tartrate. These results confirm the 
tentative suggestion of a 3s2 complex in the results in
table 27# With a solution ratio of 150:1 the resin data is 
more in aocord with the sorption of a 2si tartrate-germanic 
acid complex than the 3?2 compound found at lower concentra­
tions of tartaric acid. The wide range of concentration 
over which the 3s2 complex satisfies the data however, makes 
it reasonably certain that these intermediate results are due 
to sorption of a discrete complex and are not due to a 
fortuitous mixture of the 1:1 and 2:1 tartrate-germanic acid 
compounds. In addition, at the very low pH of the 150si 
experiment, it is possible that repression of the ionisation 
of the 3s 2 complex is occurring. Sorption of some G-e^Ta^ 
ion would obviate the necessity of invoking a 2si tartrate- 
germanic acid complex.
Table 29 contains the results of experiments with 
solutions containing 33 mg. atoms/l of germanium and 2600 
m. moles/l of tartaric acid. The pH of these solutions was 
reduced below the natural pH by addition of hydrochloric acid. 
At pH 0.45 (i.e. maximum competition from added chloride) the 
resin capacity is adequately accounted for in terms of the
p _
G-e^Ta^ ion previously found. At the two higher pH values 
the calculated resin capacities are too low for the exclusive 
sorption of the 3;2 complex, and too high for sorption of the 
lsl complex. It appears that a mixture of these two ions
is sorbed as competition .from chloride decreases.
In table 30 are given the results of experiments with a 
tartrate-germanium ratio of 2si and a steadily increasing 
total quantity of reactants. The first five results show 
the unexpected trend of increasing germanium sorptions 
coupled with decreasing tartrate sorptions. In the 
experiments containing 133 and 166 m.g. atoms/l of germanium 
the quantity of germanium sorbed exceeds the quantity of 
tartrate despite the presence of 266 and 330 m. moles/l 
respectively of tartrate in the solution. The last column 
in Table 30 gives the ratio of tartrate and germanium in the 
complex sorbed, on the assumption that the germanium is 
monovalent and the remainder of the resin capacity is occupied 
by free tartrate. These ratios of Ta/G-e all lie between 
0.75 and 0,80 and it is abundantly clear that germanium-rich 
species are being sorbed in large quantities under these 
conditions. IIow the simplest of these species would be a 
1:2 tartrate-germanium complex and these results could be 
interpreted in terms of sorption of a mixture of 1:1 and 1:2 
complexes in suitable proportions. Reasons will be advanced 
later why the 1:2 tartrate-germanium complex is not thought 
to exist, at least below pH7* On this basis the ratios of 
tartrate: germanium of 0,80 and 0.75 are thought to be due to
6—sorption of higher germanium-rich species such as GerTa^~.
In the last two results in table 30, containing 660 and
1320 m.moles/l of tartrate, the tartrate sorption increases
sharply to the region of 1 mm/MEQ of resin. It seerns that
these higher tartrate concentrations are sufficient to inhibit
the formation of germanium-rich polymers. It is less easy
to decide what the sorptions in these two experiments do
actually represent. There are three possibilities. The
results are consistent with the sorption of the lsl complex
and free tartrate, a polymer containing equal quantities of
3-germanium and tartrate e.g. a Ge^ Ta  ^ complex, or tartrate 
with species carrying unit charge per tartrate group. In 
view of the fact that the already established Ge^Te^, complex 
carries only two negative charges the third suggestion is 
most improbable. There is no evidence in any other results 
for the existence of equinumerical polymers such as Ge^Ta^.
It thus seems most likely that in the last two experiments 
in table 30 the surplus tartrate merely inhibits the 
aggregation of the lsl complex into larger germanium-rich 
units by reducing free germanate to a very low value.
In table 31 are shown results obtained on solutions 
containing a 2s1 ratio of germaniums tartrate, at increasing 
concentrations of both species, with the chloride form of
IRA. 400. In these solutions it is reasonable to suppose 
that the quantity of free tartrate on the resin will be very 
small particularly at the lower pH values, and higher 
germanium concentrations. In addition, it has been 
previously established (9) that at low pH values, germanic 
acid is not sorbed by Amberlite IRA-400 Cl, On this basis 
any germanium sorbed by the resin under the conditions shown 
in table 28 will be in combination with tartrate. This 
greatly simplifies the problem of interpretation of the resin 
data. Ho assumptions need be made regarding the valency of 
the sorbed germanium, and the ratio of tartrates germanium on 
the resin will definitely be the mean ratio for the complexes 
sorbed.
With 20 mg. atom/l of germanium and 10 m.mole/l of 
tartrate, sorption of complex is nil. At twice these figures, 
a small amount of the lsl complex is sorbed. On passing to 
a solution containing 80 meg. atoms/l of germanium and 
40 m.moles/l of tartrate a major change occurs in the 
pattern of the sorbed species. Sorption of chloride is 
drastically reduced and the ratio of tartrate/germanium falls 
below 1.0. At higher concentrations, the tartrate/germanium 
ratio has a mean value of 0.8, It is suggested that this 
major change in the system can only be the formation of a new
ion of high affinity for the resin. It is considered that 
this ion is the Ge^Ta^ complex carrying five negative changes. 
The high affinity of such species for the resin is a 
consequence of the high polarisability that would he shown 
by such large ions, and of the linear shape (see Appendix II) 
which causes them to be Mout-squeezed” from the solution to 
the resin phase (73, 74).
The last five results in table 31 all show germanium 
sorptions in excess of 1 g. atom/equiv. of resin, the excess 
increasing as the pH falls. It is obvious that at low pH 
values the average charge per germanium atom falls below one, 
indicating sorption of some Ge^Ta^~ ions.
The results in table 31 have one further significance.
The results cannot be interpreted in terms of sorption only
of a lsl complex and a Ge/Ta~ ion. If the evidence to be
2-presented for the absence of a Ge^Ta complex below pH7 is 
accepted, this means that the existence of higher germanium- 
rich species is the only explanation that enables a reasonable 
interpretation of the data to be made.
In table 32 are given results obtained on solutions 
containing 200 mg. atoms/l of germanium and 85 m.moles/l of 
tartrate, at various pH values. At pH2.5 and above the 
sorptions of germanium are close to , 1 g.atom/equiv. of
resin, indicating the presence of ions univalent with
respect to germanium. At pH 3.4 and 4.0 the ratio of
tartrates germanium is again close to 0.8 and these
experiments m a y  he reasonably interpreted as indicating
sorption of a Ge^Ta^ ion carrying five negative changes.
At the lower pH values the ratios of tartrate/germanium are
in better accord with the sorption of Ge.Te- and Ge_.Ta0
4 3 3 2
complexes. These solutions contain a high ratio of
germanium/tartrate than those used for the experiments in
table 31. It is reasonable to suppose that this additional
germanium would act as a "chain-stopper” and encourage the
formation of these lower polymers.
In table 33 are shown the results of various experiments
which were performed to try and establish the existence, or
otherwise, of the simplest germanium-rich species Ge^Ta.
The lowest ratio of tart rat e/germanium found in any of the
experiments in 0.75 which suggests a 4*3 complex rather than
a 2si. Of particular interest are experiments 6, 7 and 8.
These experiments contained the minimum possible tartrate
2—(that occurring on the resin in the Ta form) and a large 
excess of germanic acid solution. The pH of two of the 
experiments was adjusted to 3*1, one with hydrochloric acid, 
the other with tartaric acid. These results show two
peculiarities. On equilibrating the solution with the 
resin, a large rise in the pH occurs. Also, the sorption 
of germanium is very high, more than twice that of the 
tartrate and is obviously due to sorption of germanate#
How it is known (67) that addition of alkali tartrate to 
germanic acid solution results in the formation of free 
alkali by the following reaction Ha^la + Ge02 = Ha 4T”TaG-e_7 
+ HaOH.
The results in table 33 suggest that a similar reaction 
occurs between resin tartrate and germanic acid even in the 
presence of a large excess of germanium. This release of 
alkali (as resin -OH) is the reason for the high sorption of 
germanium and the rise in the pH of the system. It is 
obviously of significance that if the germanium sorbed is 
assumed to be partly in the form of germanate of appropriate 
R value ^fthat found for the sorption of germanium by the OH 
form of IRA 400 (9)J7 the resin data can be quantitatively 
accounted for in terms of sorption of lsl complex plus 
germanate. If the formation of a divalent 2sl Ges tartrate . 
complex were possible the production of alkali would not 
occur, as the reaction:-
Ha2 Ta2~ + 2Ge02 =  Ha2 Z~Ge2Ta-/2~ would merely 
result in the replacement of one divalent ion by another.
The results in table 33 therefore suggest that formation of 
a G-egTa complex does not occur below pH7 except possibly in 
trace quantities.
Table 34 contains the results of experiments with the
tartrate form of amber1ite IRA-400 in excess of germanic acid
solution at various pH values. At pH 1.86 only a lsl complex
and chloride are sorbed. At pH 4.45 the presence of some
free tartrate has to be postulated to account for the resin
capacity and on this basis the ratio of tartrates germanium
in the complex sorbed is 0.66 which is consistent with a 
3-G-e^Tg ion. In the alkaline solutions the best calculated
2_
fit for the resin data is that for sorption of a Ge2Ta ion 
plus germanate. If however, free tartrate is present in 
the system at-pH 4.45? it will almost certainly be present 
at higher pH values when formation of polygermanates reduces 
the effective concentration of monogermanic acid. These 
results in alkaline solution can. also be satisfied by 
assuming sorption of a mixture of free tartrate, lsl complex, 
and polygermanate, so that the weight of evidence for a 2G-e:l Ta 
complex is not very strong. It is noteworthy, however, that 
it was in alkaline solution that Mattock found evidence 
suggesting a 2§1 complex on the basis of the change in the 
optical rotation of the tartrate ion.
In table 35 are given results of ion sieve experiments 
with solutions containing 170 mg atoms/l. of germanium and 
1000 m.moles/l. of tartaric acid. With resins of water 
regain 1.04 and above, the resin capacities may be reasonably 
accounted for in terms of sorption of a 3«2 tartrate germanic 
acid complex plus free tartrate. The results with the 0.60 
W.R. resin equilibrated for 14 days shows only the lsl complex 
plus free tartrate is sorbed. The capacities of the 0.76 and 
0.91 resins cannot be satisfactorily accounted for in terms 
of either a 1:1 or a 3 s 2 complex and it is obvious that a 
mixture of these two complexes is being sorbed. Comparison 
of the results obtained with the 0.60 W.R. resin at 1 and 14 
days equilibration shows that while the resin capacities of 
both are accountable in terms of sorption of a 1:1 complex 
and free tartrate, the 1 day result contains much more 
residual chloride and much less germanium than that at 14 
days. This could be interpreted either as showing that the 
lsl complex can only enter the 0.60 W.R. resin with difficulty 
because of the tightly cross-linked nature of this resin, or 
that the concentration of the lsl complex is low in solution 
containing 1000 m.moles/l of tartaric acid with the result 
that equilibrium between resin and solution is only slowly 
attained. The slight difference that exists between the two
comparable results in table 33 suggests that the second 
explanation is the more likely, In the sequence of results
between resins of W.R. 1.04 and 4.9, the 1.8 W.R. resin is 
anomalous in showing a poor fit for the Ge/Ta^ ion. This 
resin, in addition to its fairly high water regain has a low 
capacity (2.4 m 0equ./g.). This low capacity would tend to 
favour the sorption of univalent ions (73), and the high 
tartrate sorption suggests that some Ge^Ta” (or GeTa~) is 
preferentially sorbed by this resin.
In table 36 are given the res tilts of ion sieve 
experiments with solutions containing 170 mg, atoms/l, of
germanium and 100 m.moles/l. of tartrate. If ions such as
- 3- 4 -
G-e Ta , Ge^ , Ge^Ta^ etc. are subject to ion sieve
effects, the ratio of germanium: tartrate sorbed by a series 
of resins of differing degrees of cross-linking should rise, 
and then fall progressively as the water regain of the resin 
increases. In the absence of a Ge^Ta complex, the ratio 
should rise from 1.0 to 1.5 and then fall slowly through 1.33, 
1.25, 1.20 etc. the ratio once more reaching 1.0 for an 
infinitely large complex.
Inspection of the results in table 36 shows no such 
regular variation of the germanium: tartrate ratios. High 
ratios of germanium: tartrate occur, but they have no apparent
correlation with the sequence of water regains. It is of 
significance that the three highest ratios occur in the two 
resins of low capacity, and the resin of highest water-regain. 
It is suggested that in this system the equilibrium between 
lsl complex, free germanic acid and lsl units linked by 
germanic acid into polymeric germanium-rich species is 
extremely labile. Under these conditions, the rapid 
penetration of the resins by lsl complex and free germanic 
acid would permit re-aggregation into polymeric species at 
resin sites irrespective of any ion sieve effects operating 
on the preformed polymer in the external solution. Under 
these conditions formation of the lower polymers (e.g. Ge^Ta2, 
Ge^.Ta^) would be favoured by any factor increasing the 
distance between adjacent resin sites. This dispersion of 
the resin sites would decrease the probability of finding 
sequences of sites suitable for binding the negative centres 
of ions such as Ge^Ta^, where each germanium atom carries unit 
negative charge, and would lead to results similar to those 
occurring in table 36. This effect is similar to that 
advanced to explain the selective sorption of aureocyanide 
relative to other polyvalent complex cyanides (73).
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(Germanium concentration 26 mg0 atoms/l, tartrate concentration
75 m.moles/l) 1:3 
Volume of solution used,.150 mis.
0.5 g. Amberlite IRA 400 - tartrate 
pH adjusted by addition of hydrochloric acid or sodium hydroxide
pH
Species Sorbed 
moles or g. atoms/e quiv. 
of resin
R Value 
of free 
Tartrate
Resin Capacity (Equiv./ 
Equiv. Resin) 
Calculated for:-
Ge Tartrate Cl OeTa + Ta Germanate + Tartrate
078 0.71 0,725 0.265 1.0 0.99
1.24 0.865 0.870 0.085 1.0 0.96
+1.80 0.885 0.825 - 0.75
2.92 0.715 0.865 - 0.5 1.01
4.54 0.67 0.82 - n 0.97
6.05 0.60 0.805 - It 1.01
7.58 0.58 0.81 - ft 1.04
8.15 0.57 0.79 - II 1.03
8.95 0.50 0.743 - It 0.99 2.48
10.2 0.344 0.50 - I 0.66 1.68
11.1 0.135 0.44 - I 0.80 0.98
12.0 0.114 0.41 - I 0.77 0.97
+The natural pH of the system i.e. germanic acid + tartaric acid 
with no added mineral acid or alkali
+The 
n
a
tu
ra
l 
pH 
of 
the 
system
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TABLE 32
(Germanium concentration 200 mg.atoms/l. tartrate concentration
85 m.moles/l)
Volume of solution used, 60 mis.
0.5g Amberlite IRA 400 - tartrate
pH
Species Sorbed 
moles or g.atoms/Equiv. 
of resin
Tartrate Sorptions Calculated 
for sorptions of:-
Ge Tartrate Ger- Ta.'5” 
5 4 Ge4- Ta5 Ge3 ^ 2 ~
1.56 1.05 0.78 0.825 0.77 0.675+
1.94 1.15 0.785 0.90 0.855 0.75
2.5 1.00 0.755 0.80 0.75 0.67+
5.4 0.99 0.795 0.79 0.745 0.66+
4.0 0.995 0.82 0.80 0.745 0,66+
+These three results could be satisfied by postulating 
sorption of a mixture of GeTa and Ge'g Ta . Reasons 
are advanced in the discussion why this possibility 
is not thought to be likely.
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TABLE 36
Germanium concentration 170 mg.atoms/l, tartrate concentration
100 m.moles/l
Volume of solution used, 60 mis.
Natural pH, after equilibration= 1.3
0.5g Le-Acidite EE of various water regains, used in
the Chloride form
Time of 
Equili­
bration
Water 
Regain of 
Resin g/g
Resin
Capacity
MEQ/G
Species Sorbed 
moles or g.atoms/Equiv. 
of Resin
Ratio of 
Ge: Ta 
on Resin+
Ge Tat Cl
1 day 0.60 3.10 0.965 0.758 0.088 1.27
14 days 0.60 3.10 1.00 0.875 0.061 1.13
t» 0.76 3.26 0.99 0.920 0.066 1,09
t 0.91 3.02 1.030 0.825 0.044 1.25
t 1.04 2.40 1.022 0.740 0.026 1.38
»t 1.3 3.23 1.038 0.888 0.028 1.17
it 1.8 2.41 1.035 0.726 0.013 1.42
n 2.3 3.65 1.058 0.925 0.021 1.14
it 4.9 3.64 1.040 0.670 0.021 1.55
+ Any free tartrate will be sorbed in the univalent condition 
at*pH 1.3. The high germanium concentration plus the low 
pH will result in the free tartrate sorbed being very small 
in which case the ratio of G-esTa on the resin represents 
the mean GesTa ratio in the complexes sorbed. Eree 
germanate is not sorbed at pH 1.3.
Tartrate R Values
Table 37
Tartrate Concentration 80 m.moles/l. 
0.5g Amberlite IRA 400 ~ tartrate
pH
Species Sorbed 
moles/Equiv, of Resin
R
Value of 
Tartrate
Ta Cl
1.7+ 0.080 0.93 1.14
2.3 0.505 — 0.51
4.0 0.510 0.51
5.0 0.505 — 0.51
6.1 0.505 - 0,51
+ pH produced by the addition of hydrochloric acid
Table 38
Tartrate Concentration 350 m.moles/l. 
0.5g Amberlite IRA 400 - tartrate
pH Tartrate Sorbed moles/Equiv. of 
Resin = R
1.8 0.92
2.1 0.96
3.05 0.80
4.0 0.625
5.8 0.515
2. Lactate System
In table 39 are given the results of experiments using
30 mg. atoms/l of germanium and 90 m.moles/l of lactic acid.
Below pH3 the main complex present is that carrying three
lactate groups attached to each germanium atom. The
calculated resin capacity for the result at pH lsl6 is closer
to the actual capacity if the GeLa^ ion is assumed to carry
only a single negative charge, whereas those at pH Is75 and
3*15 agree better with sorption of a bivalent ion. The
results at pH ls75 also shows the ’’natural pH effect” found
in the tartrate system, in that the ratio of lactate/germanium
is lower at this pH than in the results at somewhat higher or
lower pH values. Between pH3 and 8 the quantities of
germanium and lactate sorbed both decrease and the resin
capacity cannot be accounted for in terms of sorption of any
2-one complex plus free lactate. Sorption of GeLa^ or 
G-eLa^ gives calculated capacities that are too low, and 
G-eLa capacities that are too high. With the evidence 
available from table 42, it seems likely that mixtures of 
GeLa^” , GeLa^ and GeLa are being sorbed in this region, 
the proportion of Gela increasing as the pH is raised.
Above pH8 the complexes break down completely, and the resin 
capacity can be quantitatively accounted for in terms of
sorption of free germanate and free lactate. This behaviour 
may be contrasted with the equivalent tartrate system in which 
complete break down of the complex only occurred above pHlO.
Table 40 contains results obtained with 40 mg.atoms/l.
of germanium and a 10:1 solution ratio of lactate/germanium.
In this concentration of lactate, the resin capacity below
pH6 is explicable in terms of sorption of either GeLa^
(carrying a charge of two above pH2 and less than 2 at lower
pH values), or GeLa^, plus some GeLa” . The result at
pH Is26 suggests that it is the GeLa^ complex that is actually
present. The GeLsig ion can only satisfy the resin capacity
if an equal quantity of free lactate is also sorbed. This
is unlikely in the presence of hydrochloric acid, which both
represses the ionisation of free lactate and also injects
competing chloride ion into the system. It is of interest
that the higher concentration of lactate present also appears
to substantially raise the pH at which break down of the 3 si
complex into lower complexes takes place. As with table 39,
the result at the natural pH is anomalous in that the ratio
of lactates germanium is lower than in the results at higher
or lower pH values. This can only be due to increased
2- —sorption of species such as GeLa^ or GeLa • As with the 
tartrate system, these anomalous results are thought to be
due to the lack of ionic competition for the resin sites 
at the natural pH of the system.
In table 41 are shown results obtained from solutions
containing increased quantities of germanium and lactic acid
in the presence of much hydrochloric acid. In this system,
sorption of lactate ion is negligible but allowance has to
be made for invasion of the resin by non-exchange lactic acid.
These results show quite clearly that the only ion capable of
competing with chloride ion in hydrochloric acid solution is
the 3si lactate/germanic acid complex. The resin capacity
cannot be satisfactorily accounted for in terms of either 
— 2—G-eLa^ or GeLa^ , and it would appear that in this range of 
concentration and pH the average charge on the complex is 
approximately 1.5.
In table 42 are shown results obtained with a series 
of solutions containing 40 mg. atoms/l. of germanium, and 
increasing quantities of lactic acid, equilibrated with 0,5g. 
of IRA 400-lactate. As the pH decreases from 4.6 to 4.3, 
the germanium sorption rises to one g. atom/equiv. while the 
lactate sorption decreases from 1.25 to 1.12 moles/equiv. 
of resin. At pH 4.3, the resin is saturated with univalent 
germanium complex, no free lactate being sorbed, and the 
low lactate sorption (1.12 moles/equiv.), shows that the
greater part of the germanium is sorbed as GeLa” with small 
amounts of G-eLa^*
further additions of lactic acid cause a sharp drop in 
the quantity of germanium sorbed, coupled with a corresponding 
increase in the sorption of lactate. The rise in the lactate 
suggests an increased sorption of Gela^. The drop in the 
sorption of germanium can hardly be attributed to the 
formation of additional GeLa^ and the most likely explanation 
is that a proportion of the 2si lactates germanium complex 
occurs in the uncharged form, thus lowering the effective 
concentration of ionised germanium in solution.
As the addition of lactic acid continues, the sorption
2-of both germanium and lactate rise and some G-eLa^  is 
obviously being sorbed. finally, addition of hydrochloric 
acid to produce a pH of 1.8, inhibits sorption of free 
lactate and leaves the resin occupied only by GeLa^ and 
chloride.
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TABLE 42
Germanium concentration 40 mg. atoms/l 
0.5g Amberlite IRA 400 - lactate
pHx
Species Sorbed 
moles or g,atoms/Equiv. R Value 
of Ions sorbed by
G-e La Cl
Eree
Lactate
Resin
4.6 0,795 1.25 - 1.24 )
) mainly G-e La
4.5 0.845 1,175 — 1.25
j plus GeLaQ
4.3 1.01 1.12 — 1.28 ) ^
4.1 0.566 1.405 - 1.31 )
) mainly G-e LaQ
3.5 0.502 1.51 ~~ 1.39 -) plus GeLa
3.3 0.520 1.51 - 1.41 )
2.7 0.56 1.94 1.50 ) GeLa? GeLa.?,  ^ ..5 , 3'
 ^ GeLa^
- 9-
0.131 0,370 0.795 GeLa^, GeLa^
35 The minimum quantity of Lactic acid was added to produce 
the pH given.
sex Hydrochloric acid present.
TABLE 43 
Lactate R V a lu e s
These-values are independent of 
concentration over the range 
studied, hut closely dependent 
on pH,
pH Pl
-L, 8 1.65
2.5 1.53
CM•CO 1.43
4.0 1.32
4.8 1.21
5.9 1.10
7.1 1.04
8.0 1.02
175.
5« Muc at e S ys t em
Mucic acid, with two carboxyl groups separated by 
four-CKOH- groups could conceivably react with germanic acid 
in two different ways. With six potential ligand groups it 
could form a strong 1:1 complex comparable to the 1:1 
tartrate/germanic acid compound. Alternatively, each 
carboxyl group (with its adjacent hydroxyl group) could 
behave as an independent ligand, in which case mucic acid 
would behave as if it were a di-lactic acid, in its complexing 
reactions. Interpretation of the data on the mucic acid 
system has been made with the two models outlined above in 
mind.
The investigation of the system has been severely 
hampered by the low solubility of free mucic acid (3g/litre) 
which limits the ratio of mucate/germanium to about 3 if 
useful quantities of germanium are to be used.
Table 44 shows results obtained with 30 mg. atoms/l. 
of germanium and 30 m.moles/l. of mucate. In the presence 
of hydrochloric acid (pH1.24) the ratio of mucate/germanium 
is almost exactly three (3.02) under conditions where the 
sorption of free mucic acid is negligible (Table 50). This 
exclusive sorption of a 3 si complex in the presence of 
hydrochloric acid is identical,with the behaviour of lactic
acid in similar conditions; and in contrast to that of 
tartaric acid, which is exclusively sorhed as a 1:1 complex 
from dilute solutions in hydrochloric acid. Between pH 2 
and 10 no one complex satisfies the data for more than two 
consecutive results and a mixture of complex ions is obviously 
being sorbed. Two explanations are both possible (assuming 
behaviour as a di-lactic acid), and satisfy the data. They 
are sorption of a mixture of G-e Mu and Ge^M&~ , or alternatively, 
sorption of a 1:1 G-e:Mu complex whose charge varies from 1-2 
units over the pH range 2-10. The presence of much G e ^ S l"  
seems improbable however, in view of the absence of excess 
germanium in the solution. At pH 10.4 the results are a 
reasonable fit for sorption of free germanate plus free mucate, 
but at all higher pH values the fit is poor,
Prom pH 11.0, the results are in accord with the sorption 
of a 1:1 trivalent complex. The rapidly changing R value of 
free germanate between pH 9 and 12 means that a fortuitous fit 
for the data at one pH in this range is quite possible, and 
the most likely explanation of the sequence of results above 
pH 9.6 is that the 1:1 divalent complex ionises a further group 
to become trivalent without the intermediate formation of free 
germanate and mucate.
Table 45 contains results obtained with 30 mg. atoms/l.
of germanium and 90 m.moles/l, of mucate. As in table 44, 
the result in the presence of free hydrochloric acid (pH 1.40) 
shows that a 3 si mucic acid germanium complex is being sorbed.
As with the previous result in HOI the charge on the complex 
is less than two but greater than one0
At pH 1.8 the ratio of mucate/germanium drops to 2:1 
and the resin capacity may be accounted for in terms of a 
2:1 mucate-germanic acid complex with traces of the 3 si complex. 
Sorption of a 2:1 complex also satisfies the data for the 
result at pH 3.2. Above pH 3.2 the germanium sorption rises 
to a maximum at pH 7.5 while the mucate sorbed rises to a 
second peak at pH 5.8, then falls continuously as the pH is 
raised. This increased sorption of germanium relative to 
mucate suggests that species containing a mucate-germanium 
ratio less than two, are being sorbed. As in table 44? 
between pH 3.2 and 10, the results are best explained by 
assuming sorption of a lsl singly charged complex together 
with a 1:1 doubly charged complex. The two results above 
pH 10.1 give somewhat low calculated capacities on the basis 
of the 1:1 trivalent complex found in the 1:1 ratio system, 
and high capacities if calculated on the basis of a 2:1 
mucate: germanium complex carrying six unit changes. This 
latter complex is anaiagous to the 2:1 divalent mannitol
complex, with the addition of four ionised carboxyl groups.
The resin capacity is satisfied if approx. 50/ of the 
germanium sorbed is in the form of the 2:1 complex.
Table 46 contains results obtained with solutions 
having a 2:1 mucate: germanium solution ratio (30 mg.atoms/l. 
of germanium, 60 m.moles/l. of mucic acid) in the presence 
of hydrochloric acid. To keep the mucic acid in solution, 
equilibration was performed at 60°0. It was expected that 
these results would provide confirmation of the 3:1 mucate: 
germanium complex found in tables 44 and 45. However, the 
ratio of mucate: germanium remains close to la 5 while the 
charge per germanium atoms drops from 1.5 to 1.25? and w h i l e  
competition from chloride increases from 0.04 to 0.4 moles/equiv. 
of resin. These results strongly suggest the existence of a 
discrete 3:2 mucate: germanium complex as in the tartrate 
system. The mucate complex however is formed at much lower 
acid: metal ratios than the comparable tartrate complex.
In table 47 are shown results obtained using the minimum 
quantity of mucate (resin mucate) and a large excess of 
germanic acid solution. The best fit for the resin data 
are obtained by postulating sorption of a 1:1 complex of 
variable charge and free germanate. If the apparent charge 
on the complex is calculated from the results in table 44 the
agreement between the theoretical and calculated capacities
is very good0 The result at pH is not explicable on the 
2-basis of a G-e^Mu complex, and the agreement at pH values of 
8„2, 8,5 and 8,9 is not as good as that calculated on the 
basis of a 111 complex with varying charge. At pH 9.5 the 
calculated capacity is low when calculated for a 1:1 bivalent 
complex plus germanate. It is possible that in these 
solutions containing only small amounts of mucate, the lsl 
complex becomes trivalent at pH values somewhat lower than 
in the more concentrated solutions.
In table 4-8 are given results obtained with a 
germaniums mucate ratio of 2:1, and a steadily increasing 
concentration of both. As in the corresponding tartrate 
system (table 31) there is little evidence of a 2si germaniums 
acid complex. Apart from this similarity the mucate results 
differ considerably from those obtained with tartrate. With 
tartrate, the germanium sorptions rapidly attained and 
exceeded 1 g.atom/equiv. of resin. In the mucate experiments 
a marked rise in the germanium sorbed only occurs at the two 
highest concentrations, and the sorptions are well below 
1 g.atom/equiv. of resin. If the germanium in the complex 
is assumed to be monovalent, the ratio of germaniums mucate 
in the complex is similar to that found in the germanium-rich
180o
tartrate polymers. It would seem that the lsl mucate 
complex reacts with germanic acid to form linear polymers 
somewhat less readily than the lsl tartrate complex.
Table 49 contains the results from three experiments 
with solutions containing 200 mg.atoms/l. of germanium and 
100 m.moles/l. of mucate (2sl ratio) at three pH values below 
that at which free germanate is sorbed by Amberlite IRA-400. 
Respite the large excess of germanium in these solutions, the 
sorption of mucate is greater than that of germanium. The 
results are also quite different from those obtained under 
similar conditions with tartrate (table 32) where a typical 
result would show sorption of 1 g.atom of germanium/equiv. of 
resin and 0.80 moles of tartrate. Comparison with table 44 
shows that while the germanium solution concentration is six 
times as great, and the mucate concentration three times as 
great, the sorptions in table 49 are lower than those in table 
44. It is significant that the experiments at pH 2.5 and 
3.5 both formed substantial quantities of a gelatinous ppt. 
soon after removal of the resin phase. It seems that 
polymer formation may have proceeded to the point where the 
polymers are too large to enter the resin, in which case the 
mucate sorption being higher than the germanium sorption is 
explicable on the basis that only small amounts of germanium
containing complex have access to the resin sites. If it is 
assumed, that the germanium on the resin is monovalent, and 
the remaining resin sites are occupied by free mucate, the 
ratios of G-e: mu in the complexes are 1.6, 1.8 and 1.7 
respectively for pH values of 1.5, 2.5 and 3*5. These high 
ratios suggest that small quantities of a 2 Ge s IMu complex 
exists in these solutions, its presence normally being masked 
by preferential sorption of chain polymers.
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TABLE 4 6
Germanium Concentration 30 m«g. atoms/l )
) Volume 100 mis* 
Mucate Concentration 60 m* moles/l )
0,5 g .Amberlite IRA 400-C1 
pH adjusted with Hydrochloric acid.
Temperature 60° C
pH
Species Sorbed 
moles or g.atoms/Equiv.
Ratio * 
Mucate
Charge 
per Ge 
atomGe Mu Cl Ge *
1.3 0.482 0.738 0.396 1.53 1.25
1.4 0.560 0.850 0.271 1.52 1.30
1.5 0.637 0.933 0.080 1.47 1.45
1.6 0.637 0.932 0.057 1.46 1.48
1.7 0.637 0.945 O.O43 1.48 1.50
*
in the presence of free hydrochloric acid, 
sorption of uncomplexed mucic acid will 
he very small.
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TABLE 48
Germ anium s n rucate  r a t i o  2 s l  Volum e 6 0  m is *  
0 .5 g  .A m b e r l ite  IR A  4 0 0  -  M u c a te
pH
SOLUTION  
MG. ATOMS OR M . 
m o le s / l
R E S IN  
g .a to m s  o r  m o le s /  
E a u i v . o f  r e s i n
ass u m in g  Ge 
m o n o v a le n t  
R a t io  Ge/M u  
i n  c o m p le xGe M u c a te Ge Mu
3 . 0 16 8 0 .5 1 3 0 ,7 7 8 0.96
2 .5 32 16 0 .5 8 0 0 .7 9 5 1 .0 8
2*15 64 32 0 .5 6 5 0 .7 9 3 1.09
1 .9 5 96 4 8 0 .5 4 6 0 .7 4 2 1 .2 2
1 . 8 0 1 2 8 64 0 .7 7 2 O .79O 1 .2 1
1 .6 5 160 80 0 ,7 9 7 0 .7 6 4 1.27
TABLE 4 9
G erm anium  c o n c e n t r a t io n  2 0 0  m g .a to m s /l  
M u c a te  c o n c e n t r a t io n  1 0 0  m .m o le s / l
0 .5 g  A m b e r l i t e  IR A  4 0 0  -  M u c a te
pH
S p e c ie s  S o rb e d  
m o le s  o r  g .  a to m s /  
E q u iv .  R e s in
R V a lu e  
o f
FREE
MUCATE
• —I
R a t io  o f  
g e rm a n iu m /m u c a te  
i n  c o m p le x * *
Ge M u c a te
1 . 5 0 .5 4 0 0 .6 5 3 0 . 7 1 .6
4>
2 .5 0 .4 7 8 0 .5 8 0 0 .6 1 1 .8
+
3 .5 0 .4 7 3 0 .5 8 3 0 .5 6 1 . 7
a  g e la t in o u s  p p t ,  a p p e a re d  s h o r t l y  a f t e r  
r e m o v a l o f  r e s i n  p h a s e .
A s s u m in g  Ge m o n o v a le n t a n d  f r e e  m u ca te  
o c c u p y in g  th e  re m a in d e r  o f  r e s i n  s i t e s
TABLE 50.
M u c a te  R V a lu e s  
0 . 5  g A m b e r l i t e  IR A  4 0 0  -  M u c a te
pH
C o n c e n t r a t io n  o f  
M u c a te
S p e c ie s
M o le s /E q u iv .
S o rb e d  
o f  R e s in
M u c a te
R
V a lu eM u c a te
C l
4“
1.3 S a tu r a t e d ( a p p r o x . lO m m /l ) 0.029 0 .9 5 8 0,70
2.5 “ (  u 15m m /l) 0 ,6 0 6 - 0 .6 1
3.2 "  (  " 3 0 m m /l) 0 .5 7 7 - 0 .5 8
4 .5 6 0  m .m o ls / l 0 .5 4 - 0 ,5 4
6 .7 90 m .m o ls / l 0 .5 1 5 - 0.52
9 . 0 90 m .m o ls / l 0.502 mm 0.50
*  pH p ro d u c e d  "by th e  a d d i t i o n  o f  h y d r o c h lo r ic  a c i d .
Conclusion
It has been demonstrated that lactic acid, with only 
two ligand groups, foims only mononuclear complexes containing 
1, 2 or 3 molecules of lactic acid. These complexes break 
down at pH values above 8 to give free germanate and lactate 
ions.
In the tartaric acid system, a univalent 1?1 complex 
predominates at low concentrations of tartrate, giving way to 
a 3s2 tartrates germanium complex as the concentration is 
increased. There is virtually no evidence for the existence 
of higher tartrate complexes even in solutions containing 50% 
w/w. tartaric acid. In solutions containing much germanium 
the formation of linear germanium-rich polymers has been 
observed, even in the presence of excess tartrate. The 
simplest of these polynuclear species, the 2?1 germanium? 
tartrate complex appears not to exist below pH7, and the 
stability of these polymers, which may be formulated 
Oen Ta(nli) appears to rival that of the 1?1 complex only 
when n ^  5.
Mucic acid, at low pH, behaves as if the two carboxyl 
groups (in association with their oC-hydroxyl groups) were 
reacting as completely independent ligands, and its complexing 
reactions may be interpreted as if it were a di-lactic acid.
At pH values between 2 and 10, mucie acid forms a strong 1:1 
complex with germanium, the charge varying from one to two 
units as the pH is raised. This behaviour* resembles 
tartaric rather than lactic acid. At pH values above 10, 
a trivalent 1:1 complex is formed at low mucate concentrations, 
and a hexavalent 2si mucate; germanium complex at higher 
mucate concentrations. These latter complexes are analogous 
to the Isl and 2si mannitol complexes, with the addition of 
2 and 4 independently ionised carboxyl groups respectively.
In more concentrated solutions containing excess germanium, 
there is evidence of germanium-rich polynuclear species 
similar to those occurring in the tartrate system,
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Appendix I
It has been suggested by Everest (6l) that germanium 
dioxide is too weak a base for its salts to exist in aqueous 
solution. Further evidence in support of this view has been 
obtained by Brauer and Muller (37) from measurements of the 
solubility of germanium dioxide in a number of inorganic 
acids. In non-complex-forming acids such as nitric and 
perchloric, which would be expected to favour salt formation, 
the solubility falls continuously as the acid concentration 
increases, this decreased solubility being ascribed to the 
salting out of unionised germanic acid from solution.
Similar behaviour is also found with sulphuric acid although 
a slight rise occurs in the solubility of germanium dioxide 
at acid concentrations above 15M. It has also been found 
that quadrivalent germanium is not sorbed by cation-exchange 
resins from solutions in the pH range 1-7, (9) indicating 
that germanium cations are not present in such solutions. 
Although quadrivalent germanium can form salts such as 
phosphates or hypophosphites under the correct conditions, 
these salts are completely hydrolysed in aqueous media (61).
Quadrivalent germanium forms soluble compounds in 
halogen acid solution, but these compounds appear to be 
unionised tetrahalide or anionic complexes, as has been shown
by transport (36, 37) and ion exchange experiments (78). 
Quadrivalent germanium also forms soluble compounds with a 
variety of organic acids and polyhydric alcohols at pH values 
below 7, (42, 56, 66, 68) but again, all these compounds 
appear to be anionic in character. There appears to be no 
evidence that quadrivalent germanium cations ever exist in 
aqueous solution.
Appendix II - Structures
In this appendix attempts are made to assign probable 
structures to the complexes found during the course of the 
investigation. Ion exchange data per se provide no 
information about the structure of a particular complex. 
However, comparison of the results obtained at different pH 
values and concentrations, or between the results obtained 
with complexants differing only in the substitution of one 
ligand group for another, often provides clues as to the 
structure of some of the complexes involved.
Part II
The hexachlorogermanate ion precipitated as Cs^ G-e Gig, 
and the hydroxychlorogermanates derived from it, are almost 
certainly based on a six-co-ordinate octahedral structure.
The hexafluogermanate ion has been shown to be octahedral by 
Hoard and Vincent (79), and there is no reason to suppose 
that substitution of chlorine for fluorine would cause any 
radical change. The instability of the hexachlorogermanate 
ion and the non-existence of the hexabromogermanate ion are 
probably due to the strain involved in substituting the larger 
chlorine and bromine atoms for the small fluorine atoms.
In the stannic- ohl-oride^hydrochloric acid system, the
SnCX^ ion is likewise probably octahedral in character. The
single charge shows that the position in the octahedral ion
not occupied by chloride, is occupied by an unionised water
molecule and not a hydroxyl group. The chloro-stannates
found in weakly acid solution are derived either from S^H^O)
-  2-Clcj or SnOlg by the replacement of one or two chlorine 
atoms by hydroxyl groups.
Part III
Of the three germanates dealt with in this section 
(mono, penta- and hepta-germanate), the structures of only 
the mono- and hepta-germanates are known with any certainty. 
The X-ray investigations of Wittman and Nowotny (51, 52, 80) 
have shown that both the meta and ortho monogermanates are 
tetrahedral in character, and the heptagermanate ion, in the 
solid state, consists of an open assemblage of two octahedra 
and five tetrahedra. The intermediate position of the 
pentagermanate ion in the condensation of monogermanate to 
heptagermanate suggests that the most likely structure is that 
of the hepta-germanate ion minus two tetrahedra*
195-
Part IV
The 2:1 and 3 si polyhydroxy: germanium complexes, 
(carrying charges), are most probably based on an octahedral 
structure, derived from G-e(0H)g^“, each molecule of ligand 
chelating at least two hydroxyl groups with the germanium.
There is evidence, in the results at high concentrations of 
both mannitol and glycerol, of the presence of one or more 
uncharged complexes. The most likely structure for an 
uncharged complex is a 2:1 tetrahedral complex derived from 
the unionised monogermanic acid G-e(OH)^. Such a complex would 
be of necessity uncharged, and could only become charged by 
conversion to an octahedral structure. The sudden appearance 
of a divalent, 2:1, mannitol: germanium complex at pH 10 in 
table 13, suggests that some such operation actually occurs. 
That neutral 2:1 complexes (presumably tetrahedral) can occur 
between germanium and 0 6-hydroxy acids, has been demonstra­
ted by Pflugmaeher and Rohrman (67) and Clark (69)« There 
is no reason to suppose that similar 2:1 neutral complexes 
would not be formed with polyhydroxy compounds.
The stability and ease of formation of the 1:1 mannitol 
complex relative to the glycerol and ethanediol analogues is 
so marked that it seems unlikely to be due solely to a 
stabilizing effect of the longer polyhydroxy chain. It
seems most likely that in the 1:1 mannitol complex, 
chelation is effected with more than two groups. The 1:1 
complex shows a charge of unity over a very wide pH range of 
5 - 12, and the evidence for the charge increasing to 2 above 
pH 12 is ambiguous. The facts suggest a tetrahedral 
structure for the 1:1 complex in which the mannitol chelates 
three of the four hydroxyl groups in G-e(OH)^, the remaining 
group ionising to give the single charge. This structure 
also provides a plausible explanation for the difficulty with 
which a second, and more particularly a third, mannitol 
molecule is added. Addition of a second mannitol to the 
tetrahedral structure involves uncoupling one of the three 
chelated groups in the 1:1 complex, or alternatively, 
simultaneous conversion of the complex to an octahedral 
configuration. In a similar manner, formation of a 3:1 
complex from a 2:1 neutral, tetrahedral complex, involves a 
structure change from tetrahedral to octahedral. If the 2:1 
complex is octahedral, and each mannitol chelates three of the 
six positions, formation in 3:1 complex involves uncoupling 
one chelated OH group from each of the existing mannitols to 
allow entry of the third molecule of mannitol. The very 
high concentrations of mannitol, and the very high pH, that 
are required to produce a 3:1 complex suggest that some such
difficulty is attendant upon the introduction of the third 
molecule of ligand.
In high concentrations of polyhydroxy compound, and at 
low pH, the marked difference in behaviour between ethanediol, 
glycerol, and mannitol, provides a clue as to the structures 
of the polynuclear species formed. In the mannitol system, 
polynuclear species containing more mannitol than germanium 
occur over a wide range of pH, the ratio of mannitol: germanium, 
and the charge on the complex, decreasing with falling pH.
The exact structures of these complexes can only be surmised. 
That a chain of alternating mannitol molecules and germanium 
atoms is involved seems reasonably certain. The germanium 
atoms carrying a negative charge must of necessity be 
octahedral, each adjacent mannitol chelating 2 or 3 hydroxyl 
groups. Those germanium atoms not carrying charge could 
either be tetrahedral, each adjacent mannitol chelating two 
hydroxyl groups, or octahedral, the ionisation being 
suppressed by the low pH. In the ethanediol and glycerol 
systems, the molecules of ligand cannot chelate two 
germanium atoms simultaneously as they lack the minimum 
number of hydroxyl groups necessary to do so. Polynuclear 
formation thus occurs by germanium atoms linking via oxygen, 
as occurs in the condensation reactions that lead to
polygermanates. The pH range, over which these polynuclear 
glycerol species occur is very narrow, and below this pH, 
sorption of germanates occurs. These germanates are atypical 
both in the high R values obtained at the lowest pH values, 
and their sorption at pH values below the noimal limit for 
germanates in the absence of glycerol. The sequence of 
events is probably as follows. As the pH is lowered, the 
complexes occurring at high pH release glycerol molecules 
until a 1:1 complex is produced at pH 7 - 8. This 1:1 
complex then aggregates into polymers linked by germanium- 
oxygen bonds. Further lowering of the pH causes the polymer 
to release more glycerol molecules, until eventually a species 
containing no glycerol results. If the polymerisation occurs 
through the intermediate formation of a 1:1 tetrahedral 
uncharged complex, each germanium atom possesses only two 
hydroxyl groups capable of forming G-e - 0 - G-e links by 
elimination of water. It is a well-known feature of polymer 
chemistry, that a di-functional monomer can only polymerise 
to form linear chains. Polymerisation of a 1:1 glycerol: 
germanium complex would thus lead to a linear chain of 
alternating o x y g e n and germanium atoms, with the glycerol 
molecules chelating the other two hydroxyl groups on each 
germanium. This polymerisation would be analogous to the
formation of linear silicones by the condensation of dimethyl 
dihydroxy silane (CH^)^SiCOH)except that in the resulting 
polymer, the methyl groups are resistant to further hydrolysis. 
Any further release of glycerol from such a polymer would 
produce a germanate consisting of a linear chain. The atypical 
nature of the germanates formed in the glycerol system at low 
pH mis thus possibly due to the formation of chain polymers 
rather than the gLobular structures typical of the normal 
polygermanates•
Part V
The salient feature of the tartaric acid system is the 
remarkable stability of the 1:1 tartrate: germanium complex.
This complex competes strongly with hydrochloric acid down 
to pH values well below one, and only breaks down at pH values 
above ten. In excess tartaric acid, formation of a 3:2 
tartrate: germanium complex by linking together two 1:1 units 
with a further tartaric acid molecule occurs fairly readily. 
Higher tartrate complexes, if they exist at all, require 
extreme conditions i.e. solutions containing more than 50$
W/W of tartaric acid. This reluctance to form higher 
complexes suggests that in the 1:1 complex, tartaric acid 
chelates all four complexing groups, in which case the unit
charge it carries denotes an octahedral structure. This 
1:1 octahedral ion could theoretically become bivalent at 
high pH values. The results in table 26, however, suggest 
that this step is preceded by the breakdown of the complex 
into germanate and tartrate. The formation of a 3:2 
tartrate: gemanium complex can occur without disturbing the 
original 4-ligand binding in the 1:1 complexes, the third 
tartrate occupying the 2 vacant positions in each of the 
original octahedral ions. Higher complexes could only be 
formed with simultaneous rupture of the 4-ligand binding 
between the original tartrate and germanium, and the virtual 
absence of such higher complexes is a direct measure of the 
strength of such binding.
In solutions containing much geimanium, or excess 
germanium, aggregation of the 1:1 complexes into linear 
polymers containing alternating germanium atoms and tartrate 
molecules occurs if an additional germanium atom is available 
to end the chain. Such chains have germanium atoms at both 
ends, and are referred to as Mgermanium rich” species in the 
text. In this arrangement 4-ligand binding between two 
germanium atoms and one tartrate is favoured in lieu of the 
1:1 4-ligand binding found in the 1:1 complex. The absence 
of the 2:1 geimanium: tartrate complex and the slight evidence
for a 3 s 2 geimanium: tartrate suggests that the stability of 
the linear chain increases with chain length. This probably 
accounts for the apparent jump from a 1:1 complex to a 5:4 
germaniums tartrate complex that occurs in several of the 
tables.
In these polymers, the charge is one per geimanium atom. 
This means that the central germanium atoms have an octahedral 
structure, four of the six positions being occupied by two 
carboxyl, and two hydroxyl, groups from adjacent tartrate 
molecules, the remaining two positions being occupied by 
water molecules. The terminal germanium atoms which are 
chelated by only one hydroxyl and one carboxyl group are 
probably tetrahedral. It is of interest, that no complex 
in which tartrate complexes with less than all four groups 
has been found to occur in any quantity.
In the lactic acid system only three complexes can 
theoretically occur i.e. 3:1, 2:1 and 1:1 lactate: germanium 
compounds, and all have been shown to exist. The 3:1 
complex is divalent at pH values above 2 and has evidently 
an octahedral'structure, the three lactate molecules 
chelating all six positions. The 1:1 complex is univalent 
at low pH, and breaks down completely to lactate and free 
germanate above pH8. This complex has probably a tetrahedral
structure, ionisation of the second charge being overtaken by 
breakdown of the complex.
The 2:1 lactate: germanium, complex can possibly occur 
in two forms, uncharged tetrahedral, or charged octahedral. 
The ion exchange data suggest that a 2:1 univalent complex 
exists, which must be octahedral in structure. The data 
also provide some evidence for a 2:1 uncharged complex, and 
the isolation of neutral 2:1 complexes of other 00-hydroxy 
acids as crystalline solids suggest that a tetrahedral 2:1 
lactate: germanium complex can, and does, occur.
In the mucate system, the 1:1 complex appears to be 
even more stable than the corresponding tartrate complex.
The charge on this 1:1 mucate: germanium complex varies from 
one to three as the pH is raised. The trivalent state of 
the 1:1 complex above pH 11 is of interest. Neither 
carboxyl group can be complexed at these high pH values, so 
that two of the three charges arise from these'independently 
ionised groups. This leaves one charge for the germanium 
complex in which case the system is reminiscent of the 1:1 
mannitol complex. It thus seems probable that the geimanium 
forms a tetrahedral univalent complex with three of the 
central - CHOH-groups, leaving the carboxyl groups free and 
independently ionised. The 2:1 hexavalent mucate: germanium
complex also found at high pH values, in the presence of 
excess mucate, is thus equivalent to the 2;1 mannitol: 
germanium complex. Its structure is thus octahedral about 
the geimanium atom which carries two charges, the remaining 
four charges residing on four independently ionised carboxyl 
groups. The structure of the 1:1 complex at lower pH values 
cannot be decided with any certainty. It is certainly octa­
hedral, but whether all six chelating groups are complexed, 
or whether only the carboxyl groups and their adjacent 
hydroxyl groups take part in the complex is a matter of 
conjecture.
At low pH, in the presence of hydrochloric acid, 
sorption of a 3:1 mucate: germanium complex indicates that a 
lactic acid type complex is formed. This would have an 
octahedral structure, each mucate molecule complexing with 
only one carboxyl, and one hydroxyl, group.
The 3:2 mucate: germanium complex found in the 
experiments at 60°C, would also appear to be of the lactic 
acid type, the central hydroxyl groups not participating in 
complex formation. This difference in the behaviour of 
mucic acid and tartaric acid at low pH, supports the 
conclusions reached by Irving et al. (81) that as the ligand 
groups in a chelating molecule are separated by increasing
lengths of neutral chain, the tendency of the molecule to 
chelate diminishes, and each group tends to behave as an 
independent ligand.
The germanium-rich polynuclear species formed in 
solutions containing much excess germanium are probably of 
similar structure to the analagous tartrate polymers. At 
the low pH at which the system was investigated it seems 
unlikely that the central OH groups participate in complex 
formation. The central germanium atoms are thus octahedral, 
complexing with two carboxyl and two hydroxyl groups from the 
adjacent mucate molecules, and the terminal germanium atoms 
tetrahedral, complexing with one carboxyl, and either one or 
two hydroxyl groups.
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